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Transparent materials surround us everywhere in our daily life. Especially glass has a
dominant role due to its excellent optical, mechanical and chemical properties. For the
processing of glass numerous techniques are well known, some of them are more than
several hundred years old. In contrast, the reliable and stable bonding of two different
glasses is still a demanding problem. Most of the developed glass bonding techniques are
adapted from well known silicon waver techniques [1, 2]. All the established methods
e.g. optical contacting, direct bonding or anodic bonding exhibit certain disadvantages as
these methods were not designed for the bonding of glasses [3, 4]. For example, optical
contacting - were two ultraclean glass samples are pressed together and adhere due to the
van der Waals forces between their surface atoms - yields only weak bonds.
Alternatively, laser pulses can be used to weld the glass samples together. Commonly high
average power cw-lasers are used for laser welding. However for the absorption of cw-
laser radiation an opaque material is required. Alternatively, ultrashort laser pulses have
proven to be a powerful tool for the processing of transparent materials within the last two
decades. The extremely short pulse duration allow nonlinear processes that fundamentally
differ from traditional light-matter interaction mechanisms. Nonlinear absorption induced
by ultrashort pulses leads to an extremely non-equilibrium state in a confined volume re-
sulting in a variety of different material modifications [5, 6]. Due to the highly localized
energy deposition machining of sub micron features and full three dimensional process-
ing of transparent materials become feasible [5, 7]. In fused silica three different types of
modifications can be induced: isotropic and anisotropic index changes [5, 6, 8, 9, 10] and
the generation of small cavities [11, 12]. Promising applications include the realization
of photonic circuits [13, 14, 15, 16], birefringent elements [17, 18], microfluidic channels
[19] or data storage devices [20].
In addition, numerous ultrashort laser pulses with a short temporal distance yield the pos-
sibility to locally melt the processed material [21], where the laser pulses act as a thermal
point source increasing the temperature of the irradiated volume stepwise. Due to heat dif-
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fusion also the temperature of the surrounding material is increased leading to the melting
of the focal region and a well-defined vicinity [22]. This so-called heat accumulation of
ultrashort laser pulses provides thus a powerful tool to locally bond transparent materials.
Although the first reports about locally induced heat accumulation and melting of trans-
parent materials are published almost one decade ago [21, 23, 24], there are still demand-
ing issues. While the theoretical background about the stepwise increased temperature and
the subsequent heat diffusion is established [25], the real temperature distribution within
the modified area is still unknown. Most of the simulations assume constant material pa-
rameters leading to temperatures of more than 20000 K in the focal center. In addition,
the existing experimental data show only partial results of the induced temperature distri-
bution and are difficult to interpret [26, 27].
Another issue implies the interaction of numerous successive pulses and the extremely
hot material exhibiting material properties which differ from the surrounding material.
The occurring phenomena - e.g. dark spots within the traces of molten fused silica or the
absorption mechanisms - are not fully understood and require further investigation.
For the measurement of the stability of the laser bonded samples different tests have been
invented from blade tests [28], shear or tensile tests [29, 30, 31, 32]. All these tests yield
certain results about different materials properties whereas a comparison between the re-
sults and especially to the values of the pristine bulk material ranges from difficult to im-
possible [33]. In addition, previous works investigate mainly the bonding of two identical
glasses preferring samples with low softening points [31, 34]. Thus, all the capabilities of
ultrashort pulse induced laser bonding are far from entirely explored.
The goal of this thesis is the investigation of the interaction processes between multiple
laser pulses and the transparent material during the laser welding. In addition, the bond-
ing process itself is characterized in order to achieve strong bonds in different glasses and
even in different material combinations.
2
Structure of this Thesis
This work is divided into seven chapters. After this brief introduction the present state of
knowledge about ultrashort pulse induced processing of transparent materials is presented
in Chapter 2.
In the subsequent Chapter 3 the laser induced temporal and spatial temperature distribu-
tion is investigated. At first, a theoretical model is developed to calculate the size of the
laser modified area. Afterwards, an in-situ micro Raman setup is presented allowing the
direct measurement of the induced temperature distribution during the laser processing.
Chapter 4 presents the optimal processing parameters for laser bonding. Furthermore, ad-
ditional modifications which accompany the bonding process as structural changes of the
glass network or laser induced stress are investigated. Great attention was paid to the for-
mation mechanism of laser induced disruptions - which appear within the traces of the
molten fused silica - as only a few reports mention these modifications so far and no reli-
able explanation for their formation exists.
The laser bonding of fused silica is described in detail in Chapter 5. Two different ap-
proaches are shown to measure the laser induced bonding strength and compare these
results with unmodified bulk material. Beside the geometry of the laser inscribed bonds
especially the temporal deposition of laser pulses can be changed to increase the break-
ing strength of the bonded material. In addition, thermal annealing results are presented
exhibiting a possibility to reduce the amount of induced stress.
The results for the bonding of different glasses, glass combinations and even bonding of
opaque materials to glass are given in Chapter 6. In this chapter, Raman measurements are
conducted to highlight the induced network rearrangements and the generation of strong
bonds between the initially separated materials. Last but not least, some potential appli-
cations are briefly explained.
Finally, the conclusion of this thesis and an outlook to possible future developments in
the field of direct laser bonding are presented in Chapter 7.
3

2 Current State of Knowledge
2.1 Glass: Fundamentals and properties
Glass is an amorphous solid material without a long range order. The most widely used
glasses are silica based. The pure silica glass is known as fused silica consisting of a net-
work of undistorted and relatively rigid SiO4 tetraeder [35]. These tetraeder are connected
at their corners by bridging oxygen atoms. Thus, usually each silicon is surrounded by 4
oxygen atoms and each oxygen is connected with two silicon atoms. The tetrahedral ar-
rangement is the reason for the extraordinary stability of fused silica [36]. The crystalline
structure of silicon oxide is named Quartz, being a regular trigonal crystal with a 6- fold
ring structure, as shown in Figure 2.1 (a). In contrast, the atoms within the network struc-
Fig. 2.1: Schematic presentation of the regular, crystalline structure of quartz (a) and the irregular
network structure of fused silica (b). The coordination number of silicon atoms in fused
silica is written in the network ring. Dangling bonds type defects (dangling Si-bond: E’
center and dangling O-bond: NBOHC) are also inscribed. Only three of the four oxygen
atoms of each SiO4 tetraeder are shown. The fourth oxygen atom is located perpendicular
to the plane of projection.
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ture of fused silica are randomly arranged, predominantly coordinated into 5- and 6- fold
ring structures, but also smaller and even larger rings exist [37, 38]. Figure 2.1 (b) shows
a scheme of the network structure of fused silica. The valence of the different ring struc-
tures is indicted by numbers. Only three of the four oxygen atoms of each SiO4 tetraeder
are shown. The fourth oxygen atom is located perpendicular to the plane of projection.
One very well known group of defects are the dangling bond type defects (also shown in
Figure 2.1). Dangling Si bonds (≡Si·), are called E’-center, whereas an oxygen dangling
bond (≡Si–O·) is called NBOHC (non bridging oxygen hole center) [35, 39, 40].
The second fundamental aspect of glasses is their time-dependent glass transformation
behavior [41]. Glasses are traditionally formed by cooling of a melt. The important fac-
tor for the production of glass is to avoid crystallization and crystal growth, which is
normally achieved by a relative high cooling rate. During the cooling the liquid can be
cooled below the melting temperature without crystallization and becomes a supercooled
liquid. The enthalpy (or volume) of the system decreases continuously without any abrupt
decrease, in contrast to a crystalline material. Simultaneously the viscosity increases and
eventually hinders the rearrangement of the atoms into the equilibrium liquid structure.
Thus, the enthalpy of the system deviates from the equilibrium line of a liquid evolving
into the enthalpy of the final glass. The temperature region between the equilibrium liquid
state and the frozen solid (glass state) is called the glass transformation region. The fictive
temperature is defined as the temperature, at which the glass and supercooled liquid line
intersect [41]. With other words, the final structure of the glass is considered to be the
frozen structure of the equilibrium liquid at the fictive temperature [38, 42].
The temperature at which the enthalpy departs from the equilibrium state is controlled
by kinetic factors such as the cooling rate. Thus, rapidly cooled glass exhibits a higher
fictive temperature than slowly cooled glass. Consequently, glasses with different fictive
temperatures also exhibit different network structures. For instance, the number of 3- and
4- fold rings increases with increasing fictive temperature [43, 44], which can be investi-
gated with Raman spectroscopy [45].
By adding network modifiers (e.g. K, Na, Ba) into the melt the glass structure gets more
complex as these atoms disturb the initial SiO4 tetraeder resulting in different material
properties, as a reduced viscosity or softening point. For instance, the structure of borosil-
icate glasses (e. g. Borofloat 33 or BK7) is similar to fused silica, with boron atoms
replacing some silicon. In this work, a variety of silica glasses was investigated. Some of
their important material properties are listed in Table 2.1. The annealing temperature and
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softening temperature of a glass is defined over the viscosity of the glass, e.g. the viscosity
at the softening temperature is 107.6 Pa · s whereas the viscosity at the annealing temper-
ature is 1012 Pa · s. Zerodur and ULE™ are so-called low expansion glasses, exhibiting a
thermal expansion coefficient close to zero over a distinctive temperature range. Zerodur
is a glass ceramic with a crystalline phase (crystal size about 50 nm) and a large content of
Al2O3, Li2O, P2O5 and TiO2 [46]. The Ultra Low Expansion (ULE™) glass from Corning
is a titanium silicate glass with about 7.5 % TiO2 [47, 48].
Tab. 2.1: Thermal and mechanical material properties of different glasses for room temperature
[47, 49].
Fused silica Borofloat 33 BK7 ULE Zerodur
thermal exp. coeff. α [10−6 K−1] 0.5 3.25 7.1 ≤ 0.001 ≤ 0.1
thermal conductivity κ [W/(m·K)] 1.31 1.2 1.114 1.31 1.46
mean specific heat cp [J/(g·K)] 0.79 0.83 0.86 0.77 0.82
annealing temperature TA [◦C] 1080 560 557 1000 970
softening temperature TS [◦C] 1600 820 719 1490 ≈1000
density ρ [g/cm3] 2.2 2.2 2.51 2.21 2.53
Young’s modulus E [GPa] 72 64 82 67 90
2.2 Absorption of ultrashort laser pulses
The density of free electrons in the conduction band of glasses at room temperature is
mainly induced by defects and thus rather low (about 108 − 1010 cm−3) [50]. In compar-
ison, the free electron density of silicon is ∼ 1015 cm−3 and for metals even ∼ 1022 cm−3
[51]. For this reason as well as the large bandgap, the linear absorption of photons in the
visible and near infrared spectral range is very weak. However, ultrashort laser pulses with
a pulse duration of about 500 fs and a pulse energy of 200 nJ as used within this thesis can
be easily focused to intensities of ≥ 1013 W/cm2 using objectives with numerical aperture
(NA) ≥ 0.1 . These high intensities induce nonlinear absorption processes, which bridge
the bandgap and enable the excitation of electrons into the valence band.
There are two relevant mechanisms for the initial generation of free electrons: multi-
photon absorption and field ionization [52]. Multiphoton absorption is the simultaneous
absorption of multiple photons by one electron. The sum of the photon energy exceeds
the band gap and a quasi-free electron, i.e. an electron in the conduction band, is gener-
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ated [53, 54]. At field ionization, the strong laser field distorts the Coulomb-potential of
the atom and electrons may tunnel through the potential barrier [53, 54]. To distinguish
between these two mechanisms the Keldysh parameter is used [55]. In this work, the pro-
cessing parameters yield a Keldysh parameter of nearly one, indicating an intermediate
regime where both processes contribute, as can be seen in Figure 2.2 (a).






CB... conduction band; VB... valence band
Fig. 2.2: (a) Illustration of simultaneous contribution of multiphoton and field ionization to the
generation of a free electron. b) Schematic sketch of avalanche ionization.
In addition, an electron already in the conduction band can sequentially absorb multiple
laser photons, finally exhibiting an energy which exceeds the conduction band energy
by more than the band gap energy. By impact ionization, an inelastic collision process, an
electron of the valence band can be promoted into the conduction band, while the formerly
excited electron returns into a lower level of the conduction band. This process results in
two excited electrons near the conduction band minimum. Both electrons can repeat this
process to form an avalanche of excited electrons [52, 53]. A schematic sketch is shown
in Figure 2.2 (b). The contribution of avalanche ionization to the free carrier generation
increases with the pulse duration, due to the time required for the collisions [56]. Thus,
for longer pulse durations avalanche ionization dominates photoionization and produces
a sufficient electron density to cause material modifications [53, 54].
2.3 Laser induced modifications
For illumination with fs-laser pulses, the (nonlinear) absorption occurs on a time scale
much shorter than the time required for the energy transfer from the electrons to the
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lattice. Thus, electrons in the conduction band are excited by the laser pulse much faster
than they relax by electron-phonon scattering, resulting in a non-equilibrium state: excited
electrons surrounded by a cold lattice.
The electron density of the excited material grows continuously until its plasma frequency






where e denotes the elementary charge, N is the electron density in the conduction band,
ϵ0 is the electric permittivity of free space, and me the mass of an electron. It is commonly
assumed that a critical density plasma (ωP = ωL, occurring at N ∼ 1020cm−3 for a laser
wavelength of 515 nm) must be formed to produce material damage [52, 53, 54, 57]. At
this point the plasma becomes strongly absorbing, allowing a significant fraction of the
laser pulse energy to be deposited into the material. After the absorption, the highly ex-
cited electrons thermalize with the ions and induce structural modifications. Depending
on the degree of excitation refractive index change, cracking, void formation or local-
ized melting occurs [5, 6, 8]. Although the nonlinear absorption is well understood, the
subsequent physical mechanisms for material modifications are still subject of intensive
research.
A typical ultrashort pulse writing setup can be seen in Figure 2.3 (a). The laser pulses are
Fig. 2.3: (a) Typical setup to induce modifications in transparent bulk material using ultrashort
laser pulses. b) For a certain pulse duration several modifications can be obtained in fused
silica. With increasing pulse energy waveguides, nanogratings and voids are formed.
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focused via a high NA-objective into the material. Laser parameters, sample properties as
well as fabrication techniques define the type of structure modification induced. By trans-
lating the sample with respect to the laser focus arbitrary geometries of modifications can
be written.
Overall, three different modifications can be distinguished: a smooth and isotropic re-
fractive index change, a birefringent index change and the generation of voids. In fused
silica, for a certain pulse duration and focusing condition each of these modifications can
be induced, depending on the pulse energy [58]. Figure 2.3 shows typical images of the
modifications. In the following, the three different modifications obtained in fused silica
are briefly explained.
2.3.1 Isotropic refractive index change
Tightly focused femtosecond laser pulses may induce permanent refractive index changes
in glasses [5, 59]. Due to the large temperature difference between the focal volume and
the surrounding material, the material cools rapidly after irradiation and the heated glass
is quenched at a higher fictive temperature. Depending on the material parameters the
refractive index of the processed material can increase or decrease. For fused silica the
laser irradiation leads to an increase of the number of the 3- and 4 fold ring structures
within the processed material [37, 38, 60]. Consequently, the number of 5- and 6- fold
rings decrease, resulting in a decreased overall bond angle of the silicon atoms and a
densification of the material yielding an increased refractive index of typically up to 10−3
[8, 61, 62, 63, 64]. This so modified material can be used for guiding light [8, 53, 63]. A
typical front view of an inscribed waveguide is shown in Figure 2.3 (b). The bright color
indicates the guiding region.
2.3.2 Birefringent refractive index modification
With increasing pulse energy the induced modifications become birefringent. Starting in
1999, these previously unknown birefringent modifications in fused silica became the fo-
cus of intense research [9, 65, 66, 67]. The origin of this birefringence was revealed by
Shimotsuma et al. in 2003 to be a result of laser induced periodic nanostructures. The
modified material exhibits an almost periodic density change leading to a modulation of
the refractive index and form birefringence [17, 68]. The density change can be made visi-
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ble by selective etching with hydrofluoric acid [58, 69, 70]. A top view of such a so-called
nanograting is shown in Figure 2.3 (b). The period of these nanogratings scales with the
laser wavelength [71, 72] and their orientation is always perpendicular to the polarization
of the writing beam.
Different explanations for the formation of nanogratings inside the bulk of fused silica
have been proposed [68, 69, 73]. So far, the favored model considers the formation of
nanoplanes induced by nanoplasmonic effects. A three-step evolution is predicted: (1)
inhomogeneous dielectric breakdown and formation of nanoplasmas, (2) growth of mod-
ifications in the material with a size of a few nanometer and evolution to nanoplanes
and (3) self organization of these nanoplanes due to their semi-metallic properties and
their interaction with the electrical field of the laser pulses [69, 68]. This model predicts
a grating pitch of λ/2n, with the laser wavelength λ and the refractive index n. Also, the
grating period should be roughly independent of the pulse energy and duration [58]. How-
ever, still there are several problems with this model: First of all, the plasma lifetime in
the glass (about 150 fs [74, 75]) is much to short to be responsible for the pulse-wise
formation of nanogratings. Furthermore, the self organization into a homogeneous grat-
ing is still not understood. Last but not least, is has been observed that the period of the
nanogratings scales with the number of irradiated pulses [10, 17, 76], which disagrees to
the proposed model. Besides the still unknown formation mechanism, nanogratings might
be used for numerous potential applications. Several groups reported on the generation of
nanocapillaries, three-dimensional structuring by selective etching and the development
of integrated ploarization optical and microfluidic devices [17, 73, 77, 78].
2.3.3 Void formation
At extremely high laser intensity the formation of small voids with a diameter of less than
a micrometer is possible (see Figure 2.3) [79, 80]. Due to the high electron densities in
the focal region, a localized plasma is formed, causing a charge separation [12, 79, 80].
The resulting high pressure causes a so-called microexplosion. The generated shock wave
transports energy and matter from the focal region, leading to a compressed surrounding
and a focal region devoid of any material [81]. For low pulse energies (several hundred
nJ) these voids can be obtained under strong focusing conditions with a high numerical
11
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aperture (NA≈1) [12, 82]. These voids can be seized and translated [20] or aligned for
data storage purposes [79].
2.4 Laser induced structural changes
Pristine amorphous silica has a 3D network of SiO4 tetrahedra sharing their oxygen atoms
and forming Si–O–Si bridges, leading to a well-defined vibrational signature. Strong
covalent-bonded structures have Raman signatures that are orders of magnitude larger
than those of ionic ones. Thus, the Raman spectrum of a silicate consists basically of
the signature of the Si–O network (Si–O stretching, bending and collective modes). Con-
sequently, the different tetrahedral arrangements (different membered ring structures as




















Fig. 2.4: Raman spectra of pristine fused silica
Figure 2.4 shows a typical Raman spectrum of pristine fused silica. The broad band
around 440 cm−1 is due to the Si-O-Si breathing modes of multiple silica rings. The main
peak at 440 cm−1 is most likely due to the six-membered rings, while the presence of five-,
seven- and even higher member rings broadens this band [85]. The two peaks at 495 cm−1
and 605 cm−1 are called defects-lines D1 and D2. These lines are associated with breathing
modes of four (D1) and three (D2a) planar silicon-oxygen rings [43]. The peaks starting
from 800 cm−1 in Figure 2.4 are due to stretching modes of Si-O-Si network. The multiple
12
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peaks are due to the different connection grades of the silicon tetrahedra [84, 83].
Thermal investigations yielded, that the intensity of the defect-lines increase with the
fictive temperature of the glass [43]. Chan et al. measured also an increase of the peak
intensity of the defects lines after irradiation with ultrashort laser pulses, indicating that
laser treatment induces serious network rearrangements and network states connected
with higher fictive temperatures [38, 86, 87]. The stretching modes however, showed no
significant change of the peak intensity after thermal or laser treatment. In addition, in-
tensive laser irradiation induces multiple defects and vacancies [74, 88]. One very well
known group of defects are the dangling bond type defects (also shown in Figure 2.1).
To investigate the formation of defects in glasses after the irradiation with ultrashort laser
pulses, absorption spectroscopy can be used [35].
2.5 Heat accumulation effects
The time required for the dissipation of the deposited energy out of the focal volume
(diffusion time tD) is given by tD = ω20/2D, withω0 the focal radius and D the diffusivity of
the material [89]. The diffusivity is defined as: D = κ/ρcp, with κ the thermal conductivity,
cp the specific heat and ρ the density of the material. For a focusing with a NA of about 0.5
(wavelength of 515 nm), the width of a single pulse modification in fused silica is about
1 µm, resulting in a diffusion time of about 1 µs. If the time between two successive pulses
is shorter that this relaxation time, the temperature inside the focal volume is increased
stepwise by each pulse. This process is called heat accumulation [21, 22, 30, 52]. Figure
2.5 shows the calculated temperature rise for different repetition rates at a fixed pulse
energy of 200 nJ in fused silica in a distance of 2 µm from the focal center (pulse duration
450 fs, NA of 0.5 ). The model used to calculate the temperatures is explained in Section
3.1.
Directly after the absorption of a laser pulse the temperature rises very fast and cools
down until the next pulse arrives. This can be especially seen for repetition rates below
1 MHz. For fused silica, a repetition rate of 100 kHz and 500 kHz is insufficient to induce
a temperature rise, exceeding the softening point (dashed line). At 100 kHz almost no heat
accumulation is observed, whereas for higher repetition rates the successive laser pulses
increase the temperature stepwise. With increasing repetition rate the intermittent cooling
period is shortened, consequently the decline of the temperature is less pronounced and
13





















Fig. 2.5: Calculated temperature 2 µm from the focal center due to heat accumulation of succes-
sive pulses for different pulse repetition rates (single pulse energy 200 nJ).
higher temperatures are achieved. Eventually the temperature saturates, when the energy
transfer from the laser pulses equals the heat diffusion into the surrounding material.
Due to thermal diffusion the molten zone is much larger than the focal volume, leading
to a much larger modified volume than for laser machining without heat accumulation
[31, 90]. After laser irradiation the molten material cools rapidly, leading to a non-uniform
resolidification [91]. This generic prediction can be experimentally verified. Figure 2.6
shows a front view on laser induced modifications in fused silica for different repetition
rates. The sample was translated at 20 mm/min, leading to several thousand laser pulses
incident per µm. Because of the large heat conductivity of fused silica, heat accumulation
sets in at a repetition rate of 1 MHz, using a pulse energy of 120 nJ. For lower repetition
rates, no melting occurred outside of the focal volume. The molten volume increases
with the repetition rate due to the heat accumulation. For a repetition rate of 9.4 MHz
the modification yields an elliptical shape with a size of about 50 µm times 100 µm, i.e.
significantly larger than the focal volume.
As heat accumulation leads to the melting of the material, the subsequent resolidifica-
tion can be used to bond transparent materials [23, 92, 93]. To this end, the laser focus
has to be located slightly beneath the interface between two adjacent samples. Here, the
laser pulses pose a thermal point source which allows localized heating of the interface,
resulting in strong covalent bonds between the samples. This process is called laser bond-
ing or laser welding [92, 93]. Depending on the glass, laser induced melting may reduce
the transparency of the processed material. However, as the laser focus can be moved ar-
bitrary, various geometries of molten material can be realized. This is extremely useful
14




Fig. 2.6: Front view on the laser induced modifications in fused silica for different repetition rates
at a pulse energy of 120 nJ (NA 0.5, pulse duration 450 fs) and a translation velocity of
20 mm/min. Focusing depth was 250 µm below the sample surface.
when bonding optical devices (e.g. lenses). Here, only the outer part of the device can
be bonded and the inner part remains unmodified. In principle, it is possible to join even
dissimilar materials [94, 95]. However, the size and the structure of the laser induced mod-
ifications depend on the utilized glass and on the processing parameters, as the thermal
properties differ between the glasses (see Table 2.1). Therefore, a detailed analysis of the
optimal laser bonding techniques for a variety of parameters and materials is performed
in this thesis. Within Chapter 3 simulations as well as experimental results are presented,
dealing with the actual temperatures induced during the heat accumulation of successive
laser pulses.
2.6 Common bonding techniques
Most of the existing bonding techniques for transparent materials are adapted from well
known silicon wafer bonding techniques [1, 2]. The most simplest one is called optical
contacting. At this adhesive-free process, two ultraclean and ultraflat samples are pressed
together. Afterwards they adhere together due to the van-der-Waals forces of their surface
atoms. To this end, the surface roughness has to be below 2 nm rms and a flatness below
125 nm is required [93]. This technique yields only weak bonds (several kPa), which can
be strengthened by a subsequent annealing process, producing strong covalent bonds [96,
97]. Alternatively one can uses binders or a glass frit to bond two samples together [98,
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99]. Unfortunately adhesives tend to aging or gas emission [3, 4, 100]. Techniques as the
low pressure plasma surface activation (called Direct Bonding [101]) or anodic bonding
requires numerous fabrication steps or even a clean room environment. Therefore, these
techniques are time-consuming and expensive, although they yield stable bonds with a
stability of about 50 % of the bulk material. With the exception of the adhesive methods,
none of the convenional techiques allow the selective bonding of only specific areas of
the interface while leaving the remaing area unaffected [102]. In addition, it is possible to
melt the interface of the two samples by laser irradiation [30, 34, 103]. To obtain linear
absorption directly at the interface an absorbing material or layer is required, reducing the
transparency of the sample [104, 105, 106].
Some of these techniques achieve bondings strength of up to 70 % of the bulk material,
whereas most of the techniques apply an additional annealing step to achieve these high
values. However, annealing induces additional stress in the material, which is especially
true for the bonding of dissimilar materials.
In contrast, bonding of transparent materials using ultrashort laser pulses at high repetition
rates offer multiple advantages. First of all, it is a very localized bonding process. The laser
acts as thermal point source modifying only the material in the vicinity of the laser focus.
Thus, the induced stress is reduced. In addition, by using a positioning system arbitrary 3D
geometries can be bonded, whereas the rest of the sample remains unattached. In one part
of thesis (Chapter 5 and 6) the influence of the processing parameters on the achievable
breaking strengths is investigated. Thereby, homogeneous glass combinations as well as
different materials can be bonded.
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3 Laser induced temperature
distribution
This Chapter is dedicated to the calculation and measurement of the temperature distribu-
tion induced by the heat accumulation of ultrashort laser pulses. In Section 3.1 a thermal
diffusion model is introduced to simulate the heat accumulation and the resulting tem-
perature. In the following the calculation results are compared to experimental results.
Section 3.2 presents a method to directly measure the induced temperature distribution
using in-situ Raman spectroscopy. These results were obtained in collaboration with the
group of Prof. K. Itoh at the Graduate School of Engineering of the Osaka University.
3.1 Simulation of the heat accumulation and
temperature distribution
To estimate the processing parameters for the bonding of different materials it is important
to establish a model of the laser induced temperature distribution. Especially information
about the onset of heat accumulation and the expected size of the molten region is re-
quired. Such a comprehensive model of the heat distribution is necessary to weld different
glasses without an interminable study of the required processing parameter .
For the heat transport, three principal mechanisms can be considered: thermal radiation,
heat convection and heat diffusion. Radiative heat transport can be neglected due to the
small size of the laser-heated volume [107, 108]. The influence of a thermal shock to the
heat transport is only important at very short timescales (≤ 10 ns) as shown by Carr et
al. [107] and can thus be neglected where thermal diffusion dominates. In glasses, phase
transition from the solid state to the liquid state requires no latent heat and can thus be
neglected [109]. In addition, different groups [31, 108] have shown that heat diffusion is
sufficient to describe the heat distribution in ultrashort pulse excited glasses. The laser
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pulse energy is initially absorbed by electrons, leading to an extremely high electron tem-
perature and a cold lattice [6]. The time for the subsequent electron-phonon coupling is in
the ps-range, resulting in an equilibrium state after several tens of ps [6]. Thermal diffu-
sion requires a few µs, see Section 2.5. The time between two laser pulses is determined
by the repetition rate of the laser system, which is maximal 9.4 MHz (resulting in a tem-
poral pulse separation of ∼ 100 ns) in the present work. As the time required to reach an
equilibrium between electrons and lattice is about 4 orders of magnitude shorter than the
time between the individual pulses, for the simulation a two temperature model, taking
electron as well as lattice temperature into account [110] is not necessary. In addition,
for a two temperature model a short temporal step size is required, resulting in a very
time consuming and extensive simulation when considering thousands of successive laser
pulses. Thus, the model used in this work is based on a simple thermal diffusion model,
assuming an excitation of the material with a Gaussian pulse shape [22].
The governing fundamental equation to calculate the temperature distribution is the heat






κ · ∇⃗T (⃗r, t)

, (3.1)
where T (⃗r, t) is the temperature distribution as a function of space and time, κ denotes the
thermal conductivity, ρ the material density and cp the specific heat capacity at constant
pressure. Most models consider a constant thermal conductivity [21, 22, 25] and introduce





this simplifies equation (3.1) to
∂T⃗ (⃗r, t)
∂t
= D∇⃗2T (⃗r, t) . (3.3)
Our simulations have shown, that for high repetition rates (above 1 MHz) and translation
velocities v of a few mm/s the influence of a moving heat source can be neglected, due to
the already large number of laser pulses per spot. Thus, a stationary sample is considered,
introducing an effective number of laser pulses irradiating the sample: Ne f f = 2ω0 · R/v,
with ω0 the focal radius of the laser spot, and R the repetition rate of the laser. To deter-
mine the spot size dS (dS = 2ω0), SEM images of laser induced nanogratings are used.
18
3.1 Simulation of the heat accumulation and temperature distribution
Here, no heat accumulation occurs and the width of a nanograting directly reflects the
spot diameter. In accordance to theoretical values the spot size dS is about 1 µm. As the
pulse duration is much shorter than a time step within the simulation, the thermal ex-
citation with a laser pulse is assumed to be instantaneous and results in a temperature
rise of ∆T (⃗r) = E(⃗r)/(ρcp), with E(⃗r) the energy volume density of a laser pulse. Within
this thesis, the temperature distribution T = T (⃗r, t) was calculated with an explicit finite
difference model.
3.1.1 Spherical heat diffusion
After the excitation with a point source the initial deposited energy diffuses according
to Equation 3.1. For isotropic media, the resulting temperature distribution is spherical.
Thus, thermal diffusion with a spherical symmetry is considered as a first approach. The














The energy volume density of a laser pulse is treated as a spherical Gaussian distribution:
E(r) = E0 exp(−r2/ω20), where the factor E0 depends on the absorbed laser pulse energy
and the size of the absorbing volume [113]. The absorptivity depends strongly on the
processing parameters, especially on the laser wavelength. For the simulations an absorp-
tivity of 75 % was used, which fits to the results presented in [25].
Figure 3.1 shows the calculated temperature distribution for a single and 50 successive
pulses with a repetition rate of 1 MHz (temporal distance 1 µs) and pulse energies of
200 nJ. The red dashed line indicates the softening point (1600 ◦C) of fused silica. For
both conditions it can be seen that the deposited heat diffuses into the surrounding mate-
rial. The molten volume (temperature higher than the softening point) exceeds the focal
area even for the single pulse excitation. The irradiation with numerous pulses leads to
heat accumulation. Thus, the absolute temperatures is increased and an area of almost
5 µm in diameter is molten. The temporal decay of the temperature can be seen, too. For
the single pulse irradiation the temperature drops within 1 µs below 1500 ◦C, whereas for
the heat accumulation regime the temperature is still above 3000 ◦C.
The general trend of the heat diffusion calculated by this model in good agreement with
experimental results [31, 114]. As shown in Figure 2.6, heat accumulation sets in at a
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(a) single pulse 
radius [µm] radius [µm]
(b) after 50 pulses
0
Fig. 3.1: Calculated temperature distribution for different delay times after the irradiation with (a)
one single pulse (b) 50 successive pulses (temporal distance 1 µs, pulse energy of 200 nJ
and NA of 0.5).
repetition rate of 1 MHz, leading to a molten volume, which exceeds the focal volume.
However, the absolute temperatures close to the center are questionable. A temperature of
about 12000 ◦C 250 ns after the last excitation [dark line in Figure 3.1 (b)] is very high and
presumably not very reliable. For this model the temperature dependence of the material
parameters were neglected. Thus, the real temperature is expected to be much lower than
the simulations, as will be shown in Section 3.2.
Nevertheless, these simulations can be used to estimate the onset of heat accumulation for
different processing and especially material parameters. Here, the absolute temperatures
close to the center are not interesting. Instead of that, the temperature outside of the focal
area (distance of 2 µm from the center) was calculated and it was determined for which
processing parameters the softening point is exceeded. Figure 3.2 shows the temporal
evolution of the induced temperature for fused silica and borosilicate glass using different
repetition rates. The pulse energy was set to 200 nJ. Figure 3.2 (a) was already shown in
Section 2.5 to explain the mechanism of heat accumulation. Borosilicate exhibits a lower
thermal conductivity and softening point than fused silica, see Table 2.1. Thus, melting
can be expected already at a repetition rate of 500 kHz whereas for fused silica a repetition
rate of 1 MHz is required to exceed the softening point. This behavior agrees to the results
obtained by Eaton et al. [90]. Due to the different material properties, the calculated values
of the temperature in borosilicate are slightly higher than in fused silica, e.g. at a repetition
rate of 9.4 MHz a temperature of about 15000 ◦C is reached.
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9.4 MHz 3.1 MHz 1 MHz 0.5 MHz 0.1 MHz
(a) Fused silica (b) Borosilicate glass
softening
point
Fig. 3.2: Calculated temporal temperature evolution using different repetition rates for (a) fused
silica and (b) borosilicate glass 2 µm from the focal center (pulse energy of 200 nJ and
NA of 0.5). The red dashed line indicates the softening points of the glasses.
3.1.2 Cylindrical heat diffusion
Besides the information about the required processing parameters to induce heat accu-
mulation a prediction of the size of the molten area is important. The actual geometry of
ultrashort pulse induced molten material exhibits an elliptical shape extended along the
optical axis, as shown in Figure 2.6 [31, 90, 93]. The extension along the optical axis has
primarily two reasons: an upward shift of the absorption point due to the generation of free
electrons and the focusing deep into the glass resulting in an elongation of the laser focus
due to aberrations. Taking the asymmetry into account, the temperature diffusion model
has to be expanded into a two-dimensional model with cylindric coordinates: T = T (r, z)
with r =

x2 + y2. The resulting heat diffusion equation is:
1
D

















T (r, z, t) (3.5)
The simplest way to account for an elongated shape of the induced modification is the
assumption of a rectangular heat source, as it was shown by Miyamoto et al. [25, 31, 115].
The aspect ratio of their heat source depends on the processing parameters [25]. A more
sophisticated approach is the approximation of a Gaussian heat source with constant width
(ω0) along the radial axis and a Lorentzian distribution along the beam propagation:
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2 exp− rω0 2 (3.6)
where zR denotes the Rayleigh length of the focused pulse. Figure 3.3 shows the calculated
temperature distribution for an irradiation with a single pulse (a) and with 50 pulses (b)
at a repetition rate of 1 MHz. Here, a snapshot of the temperature evolution is given for
1 µs after the last pulse has irradiated the sample. The elongation along the optical axis
(z-axis) can be seen for both cases. As it was already shown for the 1-D calculation the
heat accumulation of 50 pulses leads to much higher temperatures than the irradiation
with just a single pulse. The maximal temperature for the single pulse irradiation is about
5000 K whereas after the irradiation with 50 pulses a maximal temperature of 15000 K is
obtained. Consequently, the heat affected zone in both cases varies resulting in a different



































Fig. 3.3: Calculated temperature distribution in fused silica 1 µs after the irradiation with (a) 1
pulse and (b) 50 pulses at a repetition rate of 1 MHz. Pulse energy is 200 nJ and NA 0.5.
These calculations can be used to determine the size of the molten material when consid-
ering the region where the local temperature exceeds the softening point of the material.
However, this approach yields much smaller values than the actual experimental results
especially for high applied laser powers, as can be seen in Figure 3.4.
Here, repetition rates of 4.7 MHz and 9.4 MHz were considered. The pulse energy was
100 nJ. The large deviation of the calculation from the experimental results is due to the
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Fig. 3.4: Simulation of the width of the molten material, assuming a constant diffusivity (continu-
ous lines) and experimental results (points) in fused silica. Pulse energy was 100 nJ and
NA 0.5.
simplification that material parameters as the thermal conductivity are independent of the
temperature [21]. However, it is known that the thermal conductivity decreases with in-
creasing temperatures [51]. For temperatures above the Debye temperature the number of
phonons is proportional to the temperature. With increasing temperature, phonon scatter-
ing increases, reducing the thermal conductivity [21]. The lower conductivity results in an
increased temperature within the modified volume and a larger actual molten volume. The





where κ0 is the thermal conductivity at room temperature. The free parameter b was set
to 1.9 · 10−6 m/W to affect the temperature distribution only at high temperatures, which
are reached only for large applied laser powers. This value yields a good accordance
between simulations and experimental results. In Figure 3.5 the calculated size of the
molten material [(a) width, (b) length] with respect to the number of irradiating laser
pulses for different repetition rates can be seen. The points state experimental results
which were obtained in a focusing depth of 250 µm inside a fused silica sample. The
pulse energy was 100 nJ.
The size of the molten material increases with increasing number of laser pulses and
eventually saturates when the heat diffusion balances the energy deposition of the laser
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Fig. 3.5: Comparison between simulations (continuous lines) and experimental results (points) in
fused silica. (a) Width and (b) length of the molten material. Pulse energy was 100 nJ
and NA 0.5.
pulses. The size of the structures increases with the repetition rate due to the larger heat
accumulation, when the time between successive laser pulses decreases.
The knowledge about the size of the laser induced molten structure is important for laser
welding. For example, the length of the modification determines the tolerable error for the
positioning of the focus along the beam propagation direction as the interface of the two
adjacent samples has to be molten to bond these samples. It was shown, that the minimal
distance between two samples may not exceed 200 nm to facilitate optical contacting [25].
However, it is also possible to bond samples which are not optically contacted over their
entire interface [24, 117]. Here, large modifications are favored as more material is molten
in order to bridge the gap between the samples. To obtain high breaking strengths, it is
important to structure almost the entire interface of the samples. To this end, numerous
welding seams have to be placed next to each other, whereas their minimal distance is
given by their widths. From an economical point of view it is also reasonable to use high
translation velocities to minimize the processing time. For example, at a repetition rate
of 4.7 MHz a translation velocity of 200 mm/min (∼2800 pulses per spot) yields a melt
width of 28 µm. Although slower translation velocities yield larger modifications (up to
36 µm) the benefit in the processing time to structure the entire interface is almost a factor
of eight in comparison to a translation velocity of 20 mm/min. As the maximal usable
translation velocity is limited by the positioning system, for most of the experiments a
translation velocity of 200 mm/min was used.
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3.2 Direct Temperature measurement
The simulations of the previous section showed that the softening point of the material
can be used to determine the size of the molten structure (see Figure 3.5). The calculated
width fits to the experimental result, if one considers a temperature dependent conductiv-
ity. However, the calculated absolute temperatures close to the focal point are far to high.
For example, temperatures of about 20000 K at a distance of 2 µm from the center were
calculated for repetition rates of 9.4 MHz. At shorter distances to the center the calculated
temperature is even higher. Several reasons account these high values: One is the uncer-
tainty of the thermal material coefficients. In addition, the reduction of the viscosity of the
material with increasing temperature will facilitate heat convection and enable hydrody-
namic processes. Thus, the real temperature will be lower than the simulated one.
To get deeper insight into the real temperature dynamic of ultrashort pulse induced heat-
ing of transparent materials additional experiments are required. So far, only a few exper-
iments are reported, which are capable to measure some parts of the temperature distri-
bution [108, 118]. In the transient lens method, the spatial deformation of a probe beam
which passes through the laser-induced refractive index change is measured [108]. As a
change in temperature causes a refractive index change, the temperature distribution due
to thermal diffusion can be detected by this transient lens method. In a zinc borosilicate
glass they measured a laser induced temperature rise of 1800 K [108]. Shimizu et al. pre-
sented a method to calculate the temperature distribution within a special glass after the
laser irradiation by changing the ambient temperature during the laser irradiation [27].
The increase of the width of the molten structure can be used to calculate the spatial tem-
perature distribution. However, this method is limited to some special glasses and yields
no information about the temperature dynamics.
Another very promising technique is to use the temperature dependent ratio between
Stokes and Anti-Stokes Raman scattering [114]. This method was used to directly mea-
sure the spatio-temporal dynamics of heat in fused silica after the excitation with single
femtosecond laser pulses [114, 119]. Here, this technique is employed to directly mea-
sure the induced temperature distribution after the absorption of multiple ultrashort laser
pulses at high repetition rates.
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3.2.1 In situ Raman temperature measurement
For the in situ Raman temperature measurement femtosecond pulses for the processing
(processing pulse) and nanosecond pump pulses are spatially and temporally synchro-
nized and focused inside a sample. The nanosecond pulses (Raman pump pulses) are used
to generate a Raman signal at the focal spot. The backscattered Raman signal is detected
by a time-gated polychromator, consisting of a grating and an intensified charge-coupled
(ICCD). In order to map the temporal evolution of the temperature distribution, the Ra-
man pump pulse can be delayed with respect to the processing pulse. Furthermore, the
gate of the ICCD is synchronized with the Raman pump pulse allowing the acquisition of








































Fig. 3.6: Principle of in-situ Raman microscopy. (b) Raman spectra of a glass sample at room
temperature (black line) and at increased temperature (red line)
The Raman shift ∆ω is typically given in wavenumbers ν̄ (unit: cm−1) and is calculated
as the difference between the inverse wavelength of the excitation wavelength λ0 and the
Raman signal wavelength λS:









The intensities of the Stokes IS and Anti-Stokes IAS Raman scattering signal are given by
[120]:
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where h is the Plank constant, ν0 is the frequency of the excitation, νR is the frequency
of the internal Raman transition (equals c · |∆ω| with c the speed of light), and kB is the
Boltzmann constant. At room temperature, only a few phonons are excited, leading to a
weak Anti-Stokes signal and a more intense Stokes signal. With increasing temperature
especially the intensity of the Anti-Stokes signal increases. Exemplary Raman spectra
can be seen in Figure 3.6 (b). The ratio between Stokes IS and anti-Stokes IAS Raman
signal depends basically on the temperature, which reflects the Boltzmann distribution of















To calculate the temperature based on the Stokes and anti-Stokes signal, the Raman spec-
tra between 200 cm−1 and 560 cm−1 were analyzed. Beside the temperature, Equation 3.11
also depends on the Raman transition νR. Thus, to estimate the temperature a least square
fitting method was used. For an assumed temperature the anti-Stokes Raman spectrum
was calculated by Equation 3.11 from an experimentally measured Stokes spectrum. The
actual temperature is determined by minimizing the deviation between the calculated and
measured anti-Stokes Raman spectra.
To measure the intensities of the Stokes- and Anti-Stokes signal during the processing
with ultrashort laser pulses an appropriate setup was designed, as shown in Figure 3.7. An
amplified Ytterbium fiber laser system (IMRA µJewel) delivering 600 fs pulses at a wave-
length of 1044 nm and a repetition rate of 1 MHz was used to induce heat accumulation in
the material. The maximal pulse energy was 1100 nJ. For the Raman pump, a frequency-
doubled Nd:YAG laser was used to generate 10-ns pulses with a repetition rate of 1 kHz
at a wavelength of 532 nm (maximal pulse energy of 300 nJ). Pump and processing pulse
were electronically synchronized by a pulse delay generator (DG535; Stanford Research
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Fig. 3.7: Setup of the Raman temperature measurement. The numerical apertures (NA) of the
objectives are stated in the figure. The diameter of the pinhole is 25 µm.
Systems) and then focused by a 20×microscope objective (OB1, NA 0.46) 200 µm below
the sample surface. The back-scattered Stokes and anti-Stokes Raman signals from the
focus were detected by an ICCD camera through a confocal pinhole followed by a reflec-
tive blazed grating with 600 lines per mm. The gating time of the ICCD was set to 10 ns
to match the length of the Raman pump pulse. As the Raman signal of glass is very weak
the spectra were accumulated over 20000 pulses. A 532-nm notch filter (NF) was used
to eliminate the Raman pump pulses. Irradiation of already processed material distort the
temperature measurements. Thus, the sample was translated with a computer-controlled
xy-stage to prevent multiple irradiations. In addition, different velocities can be used to
measure the influence of the spatial pulse overlap on the induced temperature. Lens L2
can be aligned in all three dimensions to correct the chromatic aberrations of the focusing
objective (OB1) and to change the position of the processing pulse with respect to the
Raman pulse. This allows the spatial mapping of the temperature distribution. The shift
of the processing pulses was conducted perpendicular to the scanning direction to avoid
probing of already processed material. To calibrate the setup, the temperature of the sam-
ple was measured without any excitation. The measured temperature was 305 ± 15 K in
good agreement with the room temperature (295 K).
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3.2.2 Background signal
To calculate the temperature a clear spectrum with detectable Stokes and Anti-Stokes Ra-
man signal is required. In a distance of ≤ 2 µm to the central position and for short delay
times (a few hundred ns) however, the measured spectra are overlayed by a large back-
ground signal. Generally the background signal increases with increasing pulse energy
and with decreasing distance between measuring point and central processing position.
Figure 3.8 (a) shows the background signal and its temporal decay. These spectra were
measured 1 µm from the central excitation. The low intensity around 0±100 cm−1 is due to
the notch filter. Here, no Raman laser was used, thus the detected signal originates solely
from the fs-processing pulse (pulse energy 940 nJ at a wavelength of 1044 nm). The times
given (different colors) state the delay between the processing pulse and the gating of the










































Fig. 3.8: Dynamic of background signal: (a) Background signal induced solely by the fs-
processing pulse (b) Background signal after the ns-Raman pulse has irradated the sam-
ple. The delay between the processing pulse and the Raman pulse was fixed to 100 ns.
For both conditions a processing pulse energy of 940 nJ and a notch filter was used.
Directly after the excitation the background signal is very strong and much more intense
than any possible Raman signal. With increasing delay the background signal decreases
and eventually vanishes after about 300 ns. In addition, the ns-Raman pulse can induce
a background signal, too [see Figure 3.8 (b)]. The delay between processing and Raman
pulse was fixed to 100 ns. Here, the delay times given indicate the delay between the
Raman pulse and gating of the ICCD. At a delay of 0 ns no Raman pulse was used and
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the detected background signal (gray curve) originates solely from the processing pulse.
After the Raman pulse excited the sample (delay of 10 ns) the background signal increases
again (black line). Afterwards the signal decreases (e.g. red curve), showing a decay time
of less than 300 ns. This measurement shows, that ns and fs pulses give rise to a large
background signal, requiring about 300 ns to decay. However, without an initial excitation
with ultrashort laser pulses, no background signal was observed, as the intensity of the ns-
pulse is too weak to induce non-linear absorption.
To analyze the spectral composition of the background signal, the emission spectrum was
measured during the excitation (pulse energy 1100 nJ) of a borosilicate (B33) sample,
using a commercial spectrometer, which allows no time gating. Figure 3.9 shows the
detected signal as a function of the wavelength. To compare the background signal with
the spectral range required for the Raman analysis (200 cm−1 - 560 cm−1), the upper axis
shows the Raman Shift for an excitation wavelength of 532 nm. The emission spectrum
of the processed area (Figure 3.9) exhibits an intense and broad signal detectable over the
entire spectral range. Furthermore, additional distinctive peaks atop the broad emission
band can be found.
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Fig. 3.9: Time integrated emission spectrum of laser excited borosilicate glass. The dashed lines
indicate the spectral emission of a black body at different temperatures. For the Raman
Shift an excitation wavelength of 532 nm was used.
The background signal is most likely due to three different sources. First of all, black body
radiation of the processed volume: Following Wien’s displacement law, the blackbody
radiation which features a maximum at a wavelength of 500 nm has to exhibit a temper-
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ature of 5800 K. With decreasing temperature the wavelength maximum shifts towards
higher wavelengths and thus away from the detectable spectral range of the setup used.
Furthermore, the power radiated from a black body is directly proportional the fourth
power of the black body’s temperature, resulting in weak black body radiation for low
temperatures. The spectral emission of a black body is plotted in Figure 3.9 for different
temperatures. In general, the black body emission for temperatures around 5800 K fit to
the measured emission spectra of the laser excited borosilicate glass. The main differ-
ences between the black body emission spectra and the measured one occurring for high
and low wavelengths, are due to the insensitivity of the spectrometer for wavelengths be-
low 400 nm. In addition, an 800 nm shortpass filter was used to eliminate the processing
pulse. Furthermore, the detected signal has to be an integration of multiple black bodies
at different temperatures, depending on the heat diffusion of the excited material, as the
spectrum analyzer allowed no temporal informations. However, the measured emission
spectra decrease for high wavelengths much faster than the black body emissions spectra.
Thus, additional effects have to contribute to the background signal.
Sharp emission peaks atop of a broad emission spectrum of local heated glass have not
been reported so far. A possible explanation is the emission of a line spectrum of the in-
duced plasma. However, the assignment of the emissions lines to exact transitions is dif-
ficult, as Borosilicate consists of multiple components, which also can occur in different
ionization states. A third contribution to the background signal is fluorescence of defects
and color centers induced in the Borosilicate glass [38, 122]. These defects were initially
induced by the first processing pulses. The excitation by subsequent pulses give rise to a
broad fluorescence signal. With increasing distance from the processing center the amount
of defects decreases and consequently the background signal is reduced, too. For Borosil-
icate the formation of numerous color centers is well known [38, 122, 123]. Color centers
normally exhibit broad fluorescence peaks, e.g. one also centered at 500 nm [122]. Fur-
thermore, self trapped excitons in fused silica exhibit a fluorescence band at about 540 nm
[124] whereas NBOHCs show a fluorescence band centered at 650 nm [125]. In addition,
Stathis et al. reported a photoluminescence decay time in fused silica, which is compara-
ble to the presented results [88].
The detected background signal is a combination of all three effects mentioned. Thus, the
background signal can not be avoided, hindering the detection of an analyzable Raman
signal under certain conditions. Thus, it is impossible to measure the highest tempera-
tures, which are expected close to the center of the modification, for short delay times and
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for high applied pulse energies. Therefore, the absolute temperatures in the center and for
short delay times have to be interpolated from the results obtained in the surrounding area
and for longer time delay. One possible way is presented in Section 3.2.4.
3.2.3 Heat accumulation of various glasses
Different samples have been investigated: Fused silica, BK7, Borofloat 33 (B33), ULE
and Zerodur. All of them show the mentioned background signal under certain processing
conditions, whereas most of these glasses show no measurable laser induced temperature
change. This is due to the limited repetition rate of 1 MHz and pulse energy of 1100 nJ at
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Fig. 3.10: (a) Laser induced temperature in fused silica for different pulse energies in the center of
the modification. (b) Laser induced temperature in B33 for different distances from the
center using a processing pulse energy of 1100 nJ.
Figure 3.10 shows the laser induced temperature distribution obtained from the Anti-
Stokes/Stokes ratio for different samples: (a) fused silica and (b) Borofloat 33. In fused
silica, only the highest pulse energy of 1100 nJ induces a slight temperature increase of
about 100 K (for delay times ≥ 40 ns after irradiation). Although the background signal
hinders the detection of a Raman signal for delay times below 30 ns a temporal decay due
to heat diffusion of the induced temperature should occur for longer delay times. Thus,
the measured ”temperature” rise in fused silica can not be attributed to a laser induced
temperature change. Instead, laser induced structure changes might have changed the Ra-
man signal.
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On the contrary, B33 shows an increasing temperature with decreasing distance to the
center. Furthermore the measured temperature decreases with the delay time as one would
expect for thermal diffusion. In conclusion, only the borosilicate glasses (BK7 and B33),
showed a measurable temporal heat distribution. However, the irradiation with pulse en-
ergies of at least 950 nJ fractured the BK7 glass, leaving only B33 as possible sample.
3.2.4 Spatial and temporal temperature distribution
It was shown in Figure 3.10 that it is possible to measure the temporal and spatial tem-
perature dynamics in borosilicate glass. Due to the technical limitations, fused silica was
not suited for these Raman experiments. Nonetheless, borosilicate glass may serve as a
model system to investigate the temperature distribution after excitation with multiple
laser pulses. For these experiments the repetition rate was fixed to 1 MHz and for most
experiments a translation velocity of 1 mm/s was used.
Fig. 3.11: Measurements of temperature as function of the distance to the central position for a
processing pulse energy of (a) 940 nJ and (b) 1000 nJ. The red dashed line indicates
the softening point of Borofloat 33. The translation velocity was 1 mm/s. The orange
shaded area highlights the region where the softening point is exceeded, indicating the
size of the molten area.
Figure 3.11 depicts the temperature evolution for two different processing pulse energies.
As x-axis the distance of the measuring point to the central position is used. The red
dashed line indicates the softening point TS of Borofloat 33. The emission of the men-
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tioned background signal hinders the temperature measurement within the central area
and particularly for short delay times. In general, both temperature distributions show
a similar shape, although the absolute values are different. For both pulse energies the
measured temperature decreases with increasing distance to the center. At a distance of
10 µm the temperature is still above the ambient temperature (300 K), indicating a large
area affected by the heat accumulation. If one compares the same measurement points,
the temperature obtained by a processing pulse energy of 940 nJ is lower than for 1000 nJ.
At a pulse energy of 940 nJ [(Figure 3.11 (a)] only a region with a diameter of 2 µm (red
shaded area) exhibits a temperature above the softening point of Borofloat 33. In compari-
son, the molten area should have a diameter of almost 10 µm for a pulse energy of 1000 nJ
[Figure 3.11 (b)]. Here, within the close vicinity of the center (±1 µm) the temperature is
about 2500 K even for a delay time of 500 ns (green stars), indicating the extremely high
temperatures within this central area.
To obtain additional information about the dynamic of the central temperature for short
delay times a careful interpolation of the measured data points is required. For this, a
spatial Gaussian temperature distribution was assumed, as it solves the heat diffusion























Gauss Fit (300 ns)
Gauss Fit (500 ns)
Fig. 3.12: Measured temperature distribution (points) for two different delay times induced by a
pulse energy of 1000 nJ and appropriate fits assuming a simple Gaussian distribution.
This approach leads to several deviations from the experimental data: The background
temperature (at large distances) is not correctly fitted. Furthermore, the wings of the Gaus-
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sian temperature rise underestimate the measured data. Most importantly, the maximal
temperature fitted for a delay time of 500 fs is much higher, than for a delay of 300 fs.
This contradicts the heat diffusion and is due to the lack of information in the central
region. To solve this problem one has to consider the time dependence of the tempera-
ture evolution, too. The large background temperature and the deviation at wings of the
Gaussian distribution, is due to the heat accumulation of the multiple successive pulses. It
was shown in [114] that a Gaussian fit agrees very well to the temperature distribution in-
duced by a single pulse. However, in this experiment multiple pulses excite the sample in
a short temporal distance, resulting in heat accumulation. Thus, the resulting heat distri-
bution is the accumulation of all the previous processing pulses. The spatial and temporal
temperature distribution after photoexcitation can be expressed as [126]:


















where D is the thermal diffusivity of the material and wth and lz are the widths of the
distribution in the radial direction and in the beam propagation direction, respectively. Q
is a scaling factor and B reflects the spatial offset. If one considers the accumulation of N
pulses at z=0, Equation 3.12, can be written as:














((wth/2)2 + 4D(t + n/ frep))

(3.13)
Here, frep is the repetition rate of the laser pulses. A is a free fitting parameter. Note that
this model neglects the temperature dependence of the diffusivity. In addition, it is as-
sumed that the width wth of the initial heat distribution is the same for each pulse. Thus,
additional cumulative effects - as a decrease of the absorption treshold for multiple pulse
irradiation - are neglected, too.
Equation 3.13 was used to fit the measured temperature for all time delays and distances
at a fixed pulse energy and translation velocity. The parameters A, B, D, wth and lz were
used as fitting parameters, but were kept constant in space and time. A least mean square
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fitting was used to minimize the difference between the measured data and fitting curve
assuming Equation 3.13. With increasing number of pulses N the difference between ex-
perimental result and the fitting curve decreases. Assuming that the diameter of the initial
excitation is about 2 µm for a scan velocity of 1 mm/s one has to consider the accumula-
tion caused by 2000 pulses (i.e. N = 2000).




























Fig. 3.13: Measured temperature distribution induced by a pulse energy of 1100 nJ. As fit the accu-
mulation of multiple pulses (Equation 3.13) was used. The microscope image shows the
corresponding induced modification. The dotted line in the microscope image retraces
the molten area.
Figure 3.13 shows the measured temperature distribution and the appropriate fitting curve
for a pulse energy of 1100 nJ. Here, the temperature decreases with respect to the distance
from the central position and for increasing delay times. The background temperature fits
to the measured results and also the deviations at the wings of the fitting curves are re-
duced. Nevertheless there are still some disagreements as can be seen in Figure 3.13. The
origin of this discrepancy could be the temperature dependence of D and the constant wth
for all pulses. However, this figure gives the first comprehensive overview about the tem-
perature dynamics of glass excited by multiple ultrashort pulses. A maximal temperature
of about 7000 K is reached directly after the excitation (10 ns). This central temperature
drops within 500 ns to about 2500 K, which is still above the softening point. Within a
diameter of 12 µm the temperature is above the softening point, in good agreement to the
microscope image of the modified region, see right part of Figure 3.13.
In this experiment, the pulse energy strongly influences the induced temperature. Figure
3.14 (a) shows the induced temperatures for a delay of 10 ns directly in the center. For a
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pulse energy of 1100 nJ temperatures of up to 7000 K are obtained, whereas a pulse en-
ergy of 970 nJ yields only a temperature of 1500 K. With increasing translation velocity,
i. e. with decreasing number of pulses, the induced temperature decreases, in agreement
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Fig. 3.14: (a) Maximal laser induced temperature with respect to the pulse energy. (b) Tempo-
ral decay of the induced temperature within the central position. Here, the translation
velocity is 1 mm/s.
For the pulse energies investigated the temporal decay of the induced temperature occurs





+ c , (3.14)
where a, b, c are constants. Equation 3.14 is the theoretical time evolution of the temper-
ature for a cylindrical heat source with an infinite length [114]. This approximation was
also done by Miyamoto et al. to calculate the temperature distribution in borosilicate glass
[31]. The time constant b denotes the time at which the temperature is decreased by its
half. This decay time of the induced temperature is in the range of a few hundred ns, for
all pulse energies investigated. For example, at a pulse energy of 1100 nJ the temperature
decay time is about 200 ns, whereas a pulse energy of 940 nJ yields a temperature decay
time of 400 ns.
Beside the information about the evolution of the induced temperatures, the results of
the Raman measurements can be used to estimate the size of the induced modification.
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To this end, the region where the temperature exceeds the softening point of Borofloat
33 was considered, as shown in Figure 3.11. Here, especially for high pulse energies the
uncertainty of the width of the molten region is relatively large [see Figure 3.11 (b)]. In
addition, the widths of the modifications were measured with a microscope. Within this
measurement the error bars are due to the low contrast between the molten (slightly bright




















Fig. 3.15: Width of the laser induced modification calculated based on the temperatures deter-
mined from the Raman measurements and measured using microscope images. The
microscope images show the front view of the appropriate modifications.
The calculated widths of the Raman results (black points) and the measured (red points)
widths of the molten area for different pulse energies are shown in Figure 3.15. The ap-
propriate microscope images are shown, too. For a pulse energy of 940 nJ, the induced
modification is very thin with a diameter of a few µm, whereas with increasing pulse en-
ergy the width increases up to a diameter of 12 µm at a pulse energy of 1100 nJ. The length
increases, too. The central dark modification, visible in the microscope images originates
from a region with high temperatures, higher than the working point of the glass [27, 127].
Both techniques, in-situ Raman measurement and post-processing microscopy yield com-
parable results, proving the capability of the in-situ Raman measurement. Direct tempera-
ture measurements using micro-Raman spectroscopy proved that the temperature induced
by heat accumulation of successive pulses exceeds the softening point of the material in
a large region. For a repetition rate of 1 MHz temperatures up to 7000 K were observed.
The measured life time of the temperature was in the range of a few hundred ns.
The results obtained by the in-situ Raman measurements are the first comprehensive ex-
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perimental results concerning the temporal and spatial temperature distribution induced
by heat accumulation of ultrashort laser pules. The measurements were conducted in
borosilicate glass whereas a direct transfer of the results to e.g. fused silica was not pos-
sible due to the limited parameters of the laser system used here. An extrapolation of the
results obtained for borosilicate glass to fused silica is not possible due to their different
material properties. In glasses, no latent heat is required to perform the phase transition
from the solid phase to the liquid one [109]. However, with increasing temperature the
heat capacity will change. Furthermore, the temperature dependence of other material
properties as the heat conductivity for high temperatures are unknown and depend on the
individual equilibrium values at room temperature. In addition, the different viscosity of
the two glasses hinders an extrapolation of the results obtained. Thus, for an estimation of
a temperature distribution in fused silica more experimental results about the temperature
dependence of the material properties are necessary.
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4 Direct Laser Bonding -
Fundamentals
Before the results of the bonding experiments are presented, at first fundamentals about
the required processing parameters and the absorption process of the laser pulses are in-
vestigated. During the bonding process of glass, multiple other effects occur. The heating
and fast quenching of the material induces structural changes within the glass network.
To analyze this, Raman spectroscopy and IR-Absorption spectroscopy was used. Fur-
thermore, the laser induced melting of fused silica is accompanied by the formation of
large disruptions, exhibiting a diameter of up to 12 µm. Their shape, occurrence and pos-
sible formation mechanism will be explained in the following. Both, the induced struc-
tural changes as well as the disruptions induce stress fields surrounding the modifications.
These stress fields limit the stability of laser bonded samples. A possible way to reduce
the laser induced stress is presented in the final section of this chapter.
4.1 Processing window for laser bonding
A fundamental processing parameter to induce heat accumulation and thus bond two
transparent materials is the laser repetition rate, since it determines the cooling time of
the material between the individual pulses, as shown in Section 3.1.1. In addition, the ab-
sorbed energy of a laser pulse sets the induced temperature rise. By changing these two
parameters, heat accumulation can be obtained in several glasses. To evaluate the required
processing parameters for laser bonding of fused silica, a detailed experimental study of
their influence on the induced material modification was conducted. To this end, an ultra-
short pulse oscillator delivering pulses with a pulse duration of 450 fs and an aspheric lens
with NA of 0.5 was used. The inscription process was repeated for different translation
velocities between 1 and 1000 mm/min for every repetition rate and pulse energy. In do-
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ing so, the parameter set was determined at which the processed material showed melting
due to heat accumulation. Figure 4.1 shows the resulting modifications with respect to
the processing parameters. The square spots indicate measured data points. For low aver-
age power (blue shaded area) no visible modifications were obtained. This parameter set
was not further analyzed, although some of these modifications may exhibit an isotropic
index shift. When using average laser powers of about 100 mW (green shaded area), the
induced modifications become birefringent, indicating the formation of nanogratings. In-
terestingly, it is possible to induce birefringent modifications with repetition rates up to





















Fig. 4.1: Laser induced modification in fused silica with respect to the processing parameters. A
pulse duration of 450 fs and NA of 0.5 was used. The inscription process was repeated
for different translation velocities between 1 and 1000 mm/min. Melting due to heat ac-
cumulation was only observed for high laser powers (yellow shaded area).
Heat accumulation and thus melting of the material occurs within a well-defined range
of processing parameters. The minimal usable repetition rate is inversely proportional to
the pulse energy (dashed line in Figure 4.1), indicating the average laser power as crucial
parameter. In the experiments, the minimal average power to induce melting in fused sil-
ica was 230 mW (dashed line). Starting at this average power, the birefringent structures
vanish, due to the heat accumulation of subsequent laser pulses and the accompanied ho-
mogeneous melting of the material [22].
In Chapter 3 it was shown that the size of the molten material can be increased by using
higher average power. The simulations considered a fixed absorption of 75 %, neglect-
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ing the influcence of the pulse duration. However, the absorptivity depends on the pulse
duration. For very short laser pulses (below 200 fs [56]), photoionization can dominate
avalanche ionization and produce sufficient free electrons to induce material modifica-
tions [53]. Here, the photoionization rate increases with decreasing pulse duration [55].
With increasing pulse duration photoionization provides only a few seed electrons while
avalanche ionization is the dominant process for the generation of free electrons [57].
The described mechanisms are based on simplified models and highly non linear. Thus,
to verify the influence of the pulse duration on the absorptivity and on the amount of
molten material additional experimental results are required. To this end, a tunable ultra-
short pulse oscillator (Femtosource XL 50, Femtolasers GmbH) was used. This systems
delivers pulses at a wavelength of 800 nm, a repetition rate of 5.1 MHz and a pulse energy
of 500 nJ. By tuning the position of the compressor prisms the pulse duration can be var-
ied between 40 fs and 400 fs. The pulse duration was measured by a FROG (Grenouille,
Swamp Optics). Continuous lines were written at different translation velocities 170 µm
below the surface of fused silica with an objective with a NA of 0.55. Subsequently, the
width of the inscribed lines was measured.















Fig. 4.2: Width of laser inscribed lines in fused silica with respect to the pulse duration of the
laser pulses, using different translation velocities. The repetition rate was 5.1 MHz, pulse
energy was 500 nJ and NA was 0.55.
Figure 4.2 shows the width of the induced modifications for three translation velocities
with respect to the pulse duration. In general, the width of the molten material increases
with decreasing translation velocity, due to the larger spatial pulse overlap and a larger av-
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erage power per laser spot, in accordance to Section 3.1.2. With increasing pulse duration
the melt width decreases from initially 56 µm to about 30 µm, confirming that the absorp-
tivity of ultrashort laser pulses decreases with increasing pulse duration [53]. Thus, the
application of very short laser pulses (about 100 fs) is more efficient in terms of process-
ing speed. However, the results presented in Chapter 5 were conducted with an oscillator
delivering pulses with a pulse duration of 450 fs, due to technical reasons.
4.2 Absorption of successive ultrashort laser pulses
As discussed in the previous chapters, successive pulses with a temporal distance of be-
low 1 µs are required to induce heat accumulation in fused silica. Although the different
non-linear absorption mechanisms (Section 2.2) are well known and the principle model
about the stepwise increase of the temperature in the modified area is established (Section
2.5), there are still some open questions concerning the absorption process.
As shown before, the absorptivity depends on the pulse duration. In addition, the ab-
sorptivity of pristine and already processed material is different enabling the formation
multiple effects in material processing, e.g. the formation nanogratings [10, 76]. Rajeev
et al. measured a feedback mechanism in the nonlinear absorption of fused silica and ac-
counted therefor chemical changes [128]. However, the mediating effect between isolated
pulses is still not fully resolved.
The irradiation of glass with numerous pulses at high repetition rates increase the temper-
ature and generate free electrons leading to an increased linear absorption. To exclude the
attribution of the heat accumulation to the absorption mechanism of ultrashort laser pulses
a double pulse experiment was designed, at which the double pulses had a repetition rate
of 100 kHz. At these repetition rates (and pulse energies below 1 µJ) no heat accumulation
in fused silica occurs. A very convenient method to quantify laser induced modifications
in fused silica is to analyze the formation of nanogratings. The number of laser pulses
required to form a homogeneous nanograting depends also on the absorbed pulse energy
[76]. Thus, if there is a difference in the absorbed laser pulse energy of successive pulses
the formation state of the nanogratings will depend on the temporal separation of the laser
pulses. The formation state of a nanograting is linearly connected with its form birefrin-
gence [17, 129]. The retardation δ for values of δ . π/4 is roughly proportional to the
polarization contrast intensity (PCI) PCI ∼ sin δ, at which the PCI can be determined
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by placing a nanograting between two crossed polarizers and measuring the transmission
of this setup [17, 130]. To realize different pulse delays a Mach-Zehnder interferometer
was designed, generating symmetric double pulses with a defined pulse delay τ between
500 fs and 1 ns [131]. Here, a regeneratively amplified Ti:sapphire laser system (150 fs,
800 nm, 100 kHz) was used. With the designed Mach-Zehnder interferometer birefringent
lines were inscribed, using a translation velocity of 12 mm/min. At first, the PCI of the in-
duced structure was measured and plotted against the temporal separation τ of the double


































132 nJ; 0.5 ps:
132 nJ; 32 ps:
132 nJ; 1024 ps:
Fig. 4.3: Polarization contrast intensity of inscribed nanogratings with respect to the temporal
pulse delay of the irradiating double pulses (repetition rate of 100 kHz). The solid lines
serve as guide to the eye. The SEM images correspond to the marked data points.
The stated pulse energies refer to the energy of one pulse within the double pulse train.
Generally, the PCI increases for higher pulse energies and is enhanced for pulse sep-
arations shorter than 100 ps and about 20 ps for a pulse energy of 560 nJ and 132 nJ,
respectively. After these delay times the PCI decreases significantly. The SEM pictures at
the right side of Figure 4.3 correspond to the marked points within the graph. Using 132 nJ
pulses the formation of a homogeneous grating can only be found for a pulse separation of
0.5 ps while with increasing delay time (e.g. 1024 ps) the nanostructure obtained exhibits
unmodified areas and an increasing grating period, indicating that the formation process
is still in its early stages [76]. When using the same processing condition in a single pulse
experiment (same number of irradiating pulses) the PCI is similar to the value obtained
for the double pulse setup at a delay of 1024 ps.
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Fig. 4.4: Schematic band diagram of fused silica with laser induced Self Trapped Excitons (STEs).
The observed dependence of the pulse separation may be explained by the laser induced
formation of Self Trapped Excitons (STEs) and their subsequent decay into point defects
within several hundred ps [131]. After the nonlinear absorption of the laser pulse excitons
are formed [132]. An exciton can be trapped by its own distortion field at a lattice site
initially free of defects [133]. The result of this localization is called Self Trapped Exci-
ton. Also the interaction with small lattice distortions like an atomic displacement may
lead to a trapped exciton [134]. At room temperature, the STEs relax to permanent point
defects like E’-centers and non-bridging oxygen hole centers (NBOHCs) [74, 88, 135].
The decay time for this relaxation was deduced by Wortmann et al. to about 400 ps [132].
A schematic sketch of the appropriate band diagram is shown in Figure 4.4. For pulse
separations shorter than the decay time the presence of STEs increase the absorptivity
of the modified material. Thus, the absorption of the following laser pulse is increased
and consequently more energy is coupled into the material, enhancing the formation of
nanogratings and leading to a more pronounced PCI signal. If the pulse delay exceeds
the lifetime of the STEs this mechanism ceases lowering the efficiency of the cumulative
action. Using a pulse energy of 560 nJ, the PCI decreases significantly for a temporal
separation of 500 ps in good agreement with the STE decay time of 400 ps reported by
Wortmann et al. [132]. The generally reduced PCI for lower pulse energies is explained
by the energy dependent formation of STEs as reported in [136].
Typical pulse separation used for nanograting inscription is about 10 µs. Furthermore,
nanogratings can be realized even by using a temporal pulse delay of a few ms. Here,
(semi)-permanent defects are responsible for the coupling of the individual pulses. As
briefly explained above, STEs decay into point defects. In addition, multiple authors re-
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ported about the formation of point defects in glasses after the irradiation with intensive
laser pulses [86, 128, 137]. One very important group of defects in silicate glasses are
the dangling bond type defects (e.g. E’-center or NBOHCs) as they exhibit different ab-
sorption bands. To verify the presence of such defects inside the laser modified fused
silica the absorption spectra of the sample was measured with a commercially available
spectrometer (Perkin Elmer Lambda 950).
To this end two 5 × 5 mm2 patterns of parallel lines with 5 µm and 1 µm spacing were
written with a repetition rate of 4.7 MHz and 100 kHz yielding a sample with molten lines
and another one containing nanogratings. The applied pulse energy was 200 nJ (pulse du-
ration of 450 fs). The corresponding absorption spectra are shown in Figure 4.5 showing
features of dangling bond type defects. In contrast, pristine fused silica (red dashed curve)
shows no significant absorption peaks in the spectral range investigated. For the sample
containing nanogratings (blue curve) three distinct peaks were observed. The first peak at
212 nm (5.85 eV) is characteristic for E’-centers, whereas the peaks at 248 nm (5.08 eV)
and 652 nm (1.9 eV) correspond to NBOHCs inside the glass [35]. In contrast, the sample
containing molten lines (black line) exhibits only the peak of the E’-centers. Here, NBO-
HCs have not been found, most likely due to the high temperatures during the melting of
the material resulting in thermal annealing of this defect. In general, the absorption bands
of defects are within the band gap of fused silica (9 eV). Therefore, the absorption of
laser pulses is enhanced at these defects sites. The measured dependence of the PCI on















Fig. 4.5: Absorption spectra of modified fused silica. The peaks originate from E’-centers (216
nm) and NBOHCs (248 nm). As reference pristine fused silica is shown [dashed line].
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the pulse separation can be explained by partial recombination of the defects with disso-
ciated hydrogenous species [40].
To conclude, two different effects enhance the absorptivity of laser processed glass. Di-
rectly after the absorption STEs are formed. These STEs decay within several hundred
ps in dangling bond type defects which locally enhance the absorptivity of the material.
Defects are responsible for an altered network structure as they reduce the valence of the
SiO2 ring structure. For laser induced bonding of glasses it is important to induce new
bonds between the two initially separated samples. Hence, it is interesting to analyze the
laser induced structural changes in the modified material.
4.3 Laser induced structural changes
By the fast quenching from a high-temperature melt glass exhibits a higher fictive tem-
perature [44, 86]. For fused silica an increase in fictive temperature is associated with
an increase of the density and the refractive index [61]. This principle is used for the in-
scription of waveguides in fused silica. The accompanied rearrangement of the network
can be studied e. g. by Raman spectroscopy [86, 124]. Most of the present knowledge of
laser induced structural changes in fused silica were obtained with repetition rates below
or at 1 MHz [86, 124, 138]. Here, an increase of the fictive temperature of about 500 K
was reported while using pulse energies below 250 nJ [86]. In contrast, the application of
higher pulse energies induces a much higher fictive temperature leading to large changes
in the density or even the formation of damage in the glass [79, 86].
The principal goal of this thesis is to study the interaction of ultrashort laser pulses with
glasses to melt glass and obtain stable bonds using repetitions rates up to 10 MHz and
pulse energies below 200 nJ. To avoid processing regimes at which the glass network is
heavily damaged Raman microscopy can be utilized to study the laser induced network
rearrangements. Figure 4.6 (a) shows a microscope image of the front view of a laser
modified region. The repetition rate was 4.7 MHz, pulse energy was 150 nJ and transla-
tion velocity was 100 mm/min. The black and red spots in the microscope image indicate
the origins where the corresponding Raman spectra of Figure 4.6 (b) were taken. The
Raman spectra were measured at an excitation wavelength of 473 nm using an objective
with a NA of 0.75 (magnification 50×) with a commercially available Raman Spectrome-
ter (Renishaw, inVia Raman Spectrometer). The notch filter had a transmission cut off at
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Fig. 4.6: (a) Front view of a laser induced modification. The spots indicate the origin of the cor-
responding Raman spectra. (b) Raman spectra of modified and pristine fused silica. The
laser processing leads to an increase of intensity of the D1 and D2 peaks whereas the ω3
peak stays practicaly constant. (c), (d) Calculated ratio between the peak intensities of
D1 to ω3 and D2 to ω3, respectively.
100 cm−1. The laser molten area depicts a Raman signal which is different to the signal of
the unprocessed glass, see Figure 4.6 (b).
The relative intensity of the defect lines (D1 and D2) increases with respect to the inten-
sity of the overall Raman spectra indicating an increasing concentration of 3- and 4-fold
silicon-oxygen rings after laser treatment [38, 44]. In agreement to prior publications, no
significant change of the ω3-peak (correlated to stretching modes of Si-O-Si network)
was observed [45, 86, 124]. In addition, no other intense changes in the Raman spectra
were measured showing that the network structure is still intact. To investigate the change
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of the network structure for the entire modified volume [Figure 4.6 (a)] a mapping was
conducted. To this end, Raman spectra were recorded with a spacing of 2 µm and the
measured spectra were fitted. In a next step, the peak intensities of the D1 and D2 were
normalized with respect to the ω3-peak (at 800 cm−1). The ratio of D1 to ω3 increases
slightly from 1.45 to 1.55 [Figure 4.6 (c)]. In contrast, the value of D2/ω3 increases about
50 % [Figure 4.6 (d)] indicating a large increase of the amount of three-fold rings. Reich-
mann et al. measured the same relative increase for the inscribtion of waveguides using a
repetition rate of 1 MHz and pulse energy of 115 nJ. An increase of the 3- and 4-fold ring
structures leads to a decrease in the overall bond angle and a densification of the glass.
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Fig. 4.7: Peak position and peak width of the (a) D1 peak and (b) D2 peak. The Raman spectra
were measured along the dashed line in the inset.
In a next step, the position and width of the D1 and D2 peaks within the modified volume
were analyzed. Figure 4.7 shows the corresponding values for both peaks along a hori-
zontal line of the laser modification [see inset in Figure 4.7 (a)]. Within the processed area
peak position and peak width of the D1 and D2 peaks change significantly. The position of
a Raman peak in glass is correlated with an average bond angle within the ring structure.
The increasing peak position of the D1 peak from 490.5 cm−1 to 494 cm−1 corresponds to
a decreasing average bond angle of the 4-fold rings within the modified area [60]. Here,
also the peak width increases indicating a broader distribution of bond angles. This can be
explained by a deviation of the former planar geometry of the 4-fold rings [60]. The peak
position of the D2 peak shifts only slightly from 607.2 cm−1 to 608.4 cm−1. Interestingly,
the width of the D2 peak decreases within the modified volume [see Figure 4.7 (b)]. It was
shown in Figure 4.6 that the total number of 3-fold rings increases within the modified
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volume. A narrower distribution of bond angles might thus be due to the generation of
new planar 3-fold rings.
Agarwal et al. deduced a correlation between the fictive temperature of a glass and its IR
reflection peak (at ≈ 8.9 µm) [139]. The IR-reflection peak of the unmodified fused silica
sample corresponds to a fictive temperature of about 1000 ◦C. After the laser treatment the
position of the IR reflection peak shifts according to a fictive temperature of ≈ 1700 ◦C.
Chan et al. deduced a fictive temperature of about 1500 ◦C of fused silica which was pro-
cessed with a repetition rate of 1 kHz and a pulse energy of ≤ 250 nJ (800 nm, 130 fs)
yielding an isotropic index change [86]. They also stated that destruction of the overall
bond integrity occurs at much higher fictive temperature [86, 79]. Thus, the processing of
fused silica at rather low pulse energies (≤ 200 nJ) at high repetition rate results in net-
work rearrangements - especially densification - without a heavy destruction of the entire
bond integrity. Instead new bonds are generated.
4.4 Laser induced disruptions
As discussed in the previous chapter, the network structure of fused silica stays intact af-
ter the processing with ultrashort laser pulses at high repetition rates. However, in Figure
2.5 and Figure 4.6 (a) dark spots within the modified area can be seen. These modifica-
tions are formed only while operating in the heat accumulation regime. The formation
of these so-called ”micro-bubbles” or ”disruptions” appears periodically under certain ir-
radiation conditions [140, 141, 142] indicating a deterministic and self-induced process.
While Bellouard et al. investigated the transition between chaotic and periodic formation
[140] a comprehensive explanation of the formation of these micro-bubbles is not yet
known. As these structures might impose limitation in the achievable bonding strength,
the occurrence of these modifications is investigated and a possible formation mechanism
proposed.
4.4.1 Shape and inner structure of laser induced disruptions
The formation of small voids with a volume below 1 µm3 in fused silica for strong fo-
cusing conditions is well known (see Section 2.3.3). In addition, when using low-NA
objectives and low pulse energies large disruptions can be found within the traces of the
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molten material, too. In micrographs [see Figure 4.8] these disruptions appear as dark
spots with a size of several micrometer within the molten material.
a) disruption formation 
b) periodic disruptions
c) non-periodic disruptions 50 µm
Ep= 205 nJ
z  = 125 µm
Ep= 105 nJ
z  = 225 µm
Ep= 125 nJ
z  = 125 µm
scan direction: x
Fig. 4.8: Formation of disruptions within molten fused silica. (a) At the end of the line a disrup-
tions is formed, too. The occurrence of disruptions within the molten material occurs
either periodically (b) or non-periodically in a chaotic manner (c). The dashed lines re-
trace the molten region. The applied pulse energies Ep and focusing depth z are listed
beside the micrographs (200 mm/min translation velocity, 0.55 NA, 9.4 MHz repetition
rate)
Figure 4.8 (a) - (c) show typical micrographs of laser inscribed molten lines in fused sil-
ica. The applied pulse energy Ep and focusing depth z are stated beside the pictures. To
inscribe the lines the sample was translated along the x axis. For the inscription pulse
duration of 450 fs, NA of 0.55, repetition rate of 9.4 MHz and translation velocity of
200 mm/min were used. The molten regions - retraced by dashed lines - possess a width
of up to 50 µm. Within each trace of molten material disruptions can be found in different
sizes and quantity as dark spots. With the laser system used (Amplitude t-pulse 500) it
was not possible to inscribe molten lines without any disruptions. Furthermore, disrup-
tions were always generated at the end of a molten line [an example can be seen at the
end of the line in Figure 4.8 (a)] regardless of the irradiation conditions. In agreement
with prior publications [140, 141] these so called ”pearl-chains” or ”micro-bubbles” ap-
pear almost periodically with a distance of several tens of µm [Figure 4.8 (b)] or may
be close together in a non-periodic manner [Figure 4.8 (c)]. The transition between pe-
riodic and non-periodic formation of disruptions depends on the processing parameters.
In the measurements periodic formation of disruptions occurs while focusing close to the
surface (≤ 300 µm below the surface) and using pulse energies ≥ 120 nJ. In this process-
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ing regime the distance between two periodic disruptions depends on the applied laser
power and translation velocity of the sample. With decreasing laser power the formation
of disruptions becomes non-periodically as can be seen in Figure 4.8 (c). When focusing
in large depths (≥ 500 µm below the surface) or using higher NA disruptions are formed
non-periodically, too. In addition, the adjustment of the focusing optic plays a critical role
as misalignment leads to accumulation of disruptions. As can be seen in Figure 4.8 (a) the
occurrence of disruptions also affects the width of the molten region. After a disruption is
formed the heat affected zone narrows and widens after several µm again. This behavior
can be explained by the disruption itself scattering the laser pulses and interrupting the
laser heating after its formation. When the scattering object is moved out of the laser focus









SEM image - front view:
Fig. 4.9: SEM images of the internal structure of a laser induced disruption within the traces of
molten material. On the left, the microscope image shows the appropriate modification.
So far, the exact composition of these disruptions was unknown as measurements were
limited to their outer boundaries. To resolve this, a commercial Focused Ion Beam (FIB)
milling device (Zeiss Neon 60, current 50 pA, accelerating voltage 30 kV) was used to
dissect the interior of a disruption. The obtained image of a periodically formed disruption
is given in Figure 4.9. For the inscription a repetition rate of 9.4 MHz, pulse energy of
150 nJ, translation velocity of 20 mm/min and focusing NA of 0.55 was used. Focusing
depth was 100 µm. The SEM image reveals a very complex structure inside the disruption.
In contrast to a simple microexplosion [12, 80, 82] this modification is partially filled
with material and simultaneously consists of small cavities in various shapes. The outer
boundary of the modifications possesses an almost circular shape with a diameter of about
53
Direct Laser Bonding - Fundamentals
11.3 µm. The inner modifications exhibit a foam-like structure consisting of solidified
material. The structure size of the material within the outer boundary ranges from several
hundreds of nm up to two µm.
4.4.2 Model of disruption formation
The results obtained may be used to explain the formation of disruptions within the traces
of molten material. The formation of disruptions at the end of a modification trace implies
that disruptions appear as consequence of the resolidification process induced by the inter-
ruption of the laser heating. The softening point of fused silica is about 1800 K whereas
temperatures above 3000 K can be reached easily (see Section 3.2.4) while processing
in the heat accumulation regime. On the other hand, the surrounding material exhibits
room temperature. In comparison to the small heated zone (about 10−4 mm3) the volume
of the cool material is quasi infinite. If the laser heating stops the stated proportions re-
sult in a very rapid quenching process, much faster than any other glass cooling process.
Consequently, the frozen glass exhibits a higher fictive temperature (see Section 4.3) and
appropriate density [86, 143]. Thus, different densities and resulting intensive tensions
are induced within the laser irradiated volume [144]. When the heating process stops the
solidification front propagates from the outer boundary to the location with the highest
temperature which is normally the central region. Rapid quenching of molten fused silica
changes the glass network structure, accompanied by a densification of the material [38].
Hence, the material in the outer region is densified by the cooling. Due to the conservation
of mass the inner zone undergoes a rarefaction. In addition, the central region exhibits a
large accumulation of stress induced by the heating and fast quenching. Fused silica ex-
hibits a very high viscosity of about 108 Pa · s at 2000 ◦C (e.g. borosilicate glasses have
≈ 102 Pa · s) [145] hindering a complete relaxation of the induced stress and a homoge-
neous reflow of material in contrast to the mechanisms reported for borosilicate glasses
[146]. As a consequence, the central region is not completely filled during the solidifica-
tion process. This thesis is supported by the structure shown in Figure 4.9.
Disruptions appear also under permanent laser irradiation. In this case, an additional
mechanism has to interrupt the laser heating. A possible reason is a self-induced refractive
index change due to the increasing temperature. This shift of the refractive index in the
processed region induces additional aberrations reducing the peak intensity in the focal
region. If the intensity drops below the absorption threshold the laser heating stops and a
54
4.4 Laser induced disruptions
disruption is formed. After the quenching the laser irradiates unprocessed material again
and the absorption and subsequently melting resumes.
On the contrary, ultrashort pulse processing of glass also decreases the absorption thresh-
old due to the induction of defects and thermally excited electrons (see Section 4.2). Thus,
the interruption of the laser heating induced by an index modification will be a compe-
tition between a decrease of the intensity distribution and the reduction of the absorp-
tion treshold. This proposed formation process is completely different to the well known
micro-explosion of small voids [12, 82]. Here, voids are obtained for strong focusing con-
ditions, whereas the formation of disruptions occurs in the heat accumulation regime as a
result of a self-induced change of the refractive index.
4.4.3 Simulation of beam propagation inside molten fused silica
In oder to obtain an estimation of the effect of self-induced index change by the local tem-
perature increase, the influence of a refractive index change on the intensity distribution
in the focal region will be discussed. At first, the influence of different refractive index
changes with a maximal ∆n of 0.04 induced by a temperature rise within the modified
area are investigated. The shape of the refractive index change was assumed to possess a
Gaussian distribution along the y and z direction. Along the x direction a constant refrac-
tive index change due to the translation of the laser focus was assumed. The size of the
modifications was taken from experimental data.
The intensity distribution of ultrashort laser pulses near the focus of the optic used was
simulated according to [147]. To this end, a combination of ray-tracing and wave opti-
cal propagation as suggested by Stamnes [148] was applied. Ray tracing was conducted
to calculate the propagation through the focusing optics up to a reference plane and the
subsequent propagation of the optical wave into the focal region was carried out using
diffraction theory. Figure 4.10 illustrates the simulation strategy.
The focusing optic (Newport Asphere 5722, NA = 0.55) was modeled in ZEMAX ac-
cording to the optical design data provided by the manufacture [149]. The exit pupil of
the optics provides the z-position of the reference plane which is curved corresponding
to a converging spherical wave with the focus at the z-position and the smallest spot ra-
dius in the image plane. The deviations from this perfect spherical wave were exported
from ZEMAX and added to the phase of the spherical wave at the reference sphere. The
wave optical propagation into the focal region was implemented in MATLAB using the
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Fig. 4.10: Schematic of the simulation strategy. (a) The focusing optic (Newport Asphere 5722,
NA = 0.55) is modeled in ZEMAX to determine the wavefront of the incoming laser-
beam at a reference sphere located in the exit pupil of the optics. (b) The optical wave is
propagated from the reference sphere into the focal region using the angular spectrum
operator.
angular spectrum operator [150]. The propagation of an optical wave at a source plane
U1 (x1, y1, 0) to an observation plane U2 (x2, y2, z) is calculated by
U2 (x2, y2, z2) = F −1

F {U1 (x1, y1, z1)}H( fx, fy)

, (4.1)











where F denotes the two-dimensional Fourier transform, F −1 its inverse transform, fx
and fy the spatial frequency coordinates, k0 the wave vector in vacuum, n the refractive
index, z the propagation distance and λ the central wavelength of the laser pulses. The
propagation of the optical wave into the material was carried out by splitting the propa-
gation from the reference sphere to the air-glass interface and from the air-glass interface
to the focal region using Equation 4.1 and 4.2 with the respective refractive index. Beam
Propagation Method (BPM) was applied to model the Gaussian shaped refractive index
modification [151]. The propagation of the optical wave for a discrete step ∆z was calcu-
lated using Equation 4.1 and 4.2 assuming a homogeneous refractive index distribution.
The additional phase shift according to the laser induced refractive index modification
was added using
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Fig. 4.11: Simulated intensity distribution inside the fused silica sample for a focusing depth of
225 µm in the (a) x-z plane and (b) y-z plane. The insets indicate the area of the laser
induced refractive index modification with a length of 93 µm and a width of 50 µm in x.
The index modification acts as a cylindric lens focusing the incoming laser beam only
in the y-z plane.
U2 (x2, y2, z1 + ∆z) = F −1 {F {U1 (x1, y1, z1)}H(∆z)} exp {i∆zk0∆n (x1, y1, z1)} . (4.3)
For the refractive index modifications different Gaussian distributions were considered
according to the experimental results. The temperature at the boundary of a modification
is given by the softening point of fused silica (1600 ◦C). For a repetition rate of 9.4 MHz
and a pulse energy of 200 nJ a modification size of 92 µm (along the z axis) times 52 µm
(along the y axis) was considered. As a start, a central temperature of 3300 ◦C resulting in
a maximal index shift of 0.03 was assumed. This temperature is still below the measured
maximal temperature for heat accumulation for a repetition rate of 1 MHz in Borosilicate
glass, as shown in Section 3.2.4. As the sample is translated in x direction a constant value
along this axis was considered. The respective refractive index changes are shown in the
insets of Figure 4.11.
Figure 4.11 shows the calculated intensity distribution for a focusing depth of 225 µm in
the x-z plane and y-z plane. The simulations were carried out for the central wavelength of
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the laser pulses of 515 nm, a pulse energy of 200 nJ, a pulse duration of 450 fs and a beam
waist of 3.5 mm at the entrance pupil of the focusing optic. The index modification acts
as a cylindric lens caused by its translation symmetry along the x axis. A distinct focus
can only be found in the y-z plane [Figure 4.11 (b)], whereas the intensity distribution
in the x-z plane [Figure 4.11 (a)] is broadened and depicts a width of about 2 µm. In
addition, the focus is slightly shifted towards the surface due to the focusing action of
the Gaussian index modification. This asymmetric focusing leads to a significant drop
of the peak intensity along the optical axis. Figure 4.12 shows the intensity distribution
along the optical axis (x=y=0) with and without different index modifications. Without
an index modification (black line) a maximal intensity of 4.5 · 1013 W/cm2 in the focal
region is obtained. The existence of even slight index modification leads to a decrease
of the maximal intensity by almost a factor of 4. Here, different maximal temperatures
TMax were investigated while keeping the length of the respective molten material fixed
to 92 µm. With increasing maximal temperature the intensity distribution is reduced. The
red line corresponds to a large index modification induced by a maximal temperature rise
of 4000 K. This large modification reduces the peak intensity to about 20 %.
But even for a rather low temperature rise of 2000 K (blue line) the peak intensity drops
to about 35 % of the inital value. Beside the maximal temperature the shape of the index
modification and especially the slope of the refractive index change affects the intensity
distribution in the focal region. For the simulations shown in Figure 4.12 (b), a maximal
temperature rise of 2000 K (∆n=0.02) was assumed. Different widths of the modifica-
Fig. 4.12: Simulation of the intensity distribution along the optical axis for various index modifi-
cations: (a) influence of the maximal refractive index shift; (b) influence of the width of
the index modification. The insets show the refractive index modifications considered.
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tions were investigated. It can be seen that a broad refractive index distribution (blue line)
yields only a reduction to 73 %. Narrower index modifications (red and green line) yield
a much higher reduction of the peak intensity. The exact intensity distribution depends on
the shape of the refractive index modification. For example the narrow refractive index
modification (red line) leads to a slightly higher intensity distribution than the small index
modification (green line). The considered refractive index changes are assumptions based
on experimental results. However, additional experimental data are required to verify the
exact induced refractive index change in fused silica. The temperature distributions ob-
tained by the micro-Raman measurements yield large temperatures of up to 7000 K. How-
ever, these results were obtained in Borofloat 33 and with another laser system as used
here for the laser bonding of fused silica (see Section 4.1). In addition, for the simula-
tion only the thermally induced refractive index change was considered. Melting of the
glass will change the refractive index, too. Nevertheless, the principal trend is obvious.
A temperature rise induces a change of the refractive index which is asymmetric due to
the translation of the sample. Such an index modification decreases the laser intensity in
the focal area. Depending on the exact index modification a reduction of the peak inten-
sity up to 20 % of the inital value is possible. Due to this reduction the laser absorption
will decrease or may even interrupt. Consequently, the previously heated focal region will
cool down and the nonuniformal solidification will lead the foramtion of the disruptions
as described in Section 4.4.2.
4.4.4 Periodic formation of disruptions
In general, disruptions are adverse for the bonding of glasses as they interrupt the welding
seams and consist of damaged and hollow glass. Thus, the amount of disruptions has to
be reduced. To this end, the periodic formation of disruptions is investigated and their
periodicity with respect to the applied processing parameters is measured. Here, only the
periodically formed disruptions were considered neglecting the smaller ones which ap-
pear in the vicinity of an initial disruption. The error (standard deviation) of the measured
distances lies between 10 % and 20 % decreasing slightly with increasing pulse energy,
i.e. the periodicty of the disruptions increases with higher pulse energies. Figure 4.13 (a)
shows an increasing distance DD between two adjacent disruptions with increasing pulse
energy Ep. In addition, the distance increases with increasing repetition rate R and thus
generally with increasing laser power. Although a higher translation velocity equals a
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lower deposited laser power per spot the distance between two disruptions increases with
the translation velocity [see Figure 4.13 (b)]. However, the average distance increases only
by a factor of 5 while changing the translation velocity from 1 mm/min to 500 mm/min.
The highest translation velocity (500 mm/min) yields the largest distance between the
disruptions of 92 µm. In a next step, the number of pulses N irradiating the laser sample
between two disruptions was calculated, using the formula N = DD · R/v. This means
in terms of the proposed model (Section 4.4.2) that N pulses are required to accumulate
sufficient aberrations to interrupt the laser absorption and to form a disruption. With in-
creasing pulse energy the number of pulses required to form a disruption increases as
shown in Figure 4.13 (c). For slower translation velocities the number of pulses required
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Fig. 4.13: The distance between periodically formed disruptions as a function of the pulse energy
for different (a) repetition rates and (b) translation velocities. (c) The number of pulses
required to form a disruption with respect to the processing parameters.
These results fit to the proposed model. At large pulse energies larger aberrations are
required to decrease the energy density below the threshold, in contrast to low pulse en-
ergies. It was also shown in Section 4.4.3 that the shape of the index modification also
affects the final peak intensity. An index modification induced by a high translation ve-
locity (e.g. 500 mm/min) is much smaller than for slow translation velocities [31, 126].
In addition, a narrow index modification induces a large reduction of the intensity distri-
bution (see Figure 4.12). Consequently, less pulses are required to form a disruption at
higher translation velocities. Thus, generally the number of laser pulses required to form
a disruption increases with increasing applied laser power per spot.
To conclude this section, disruptions are a general consequence of the laser induced heat-
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ing of fused silica. Due to its large viscosity disruptions can not be avoided so far. In other
glasses (e.g. borosilicate) the viscosity of the molten material is lower. Consequently, in-
duced tensions and density gradients may relax and laser induced melting without disrup-
tions is possible. Best processing parameters to induce a minimum number of disruptions
are high translation velocities and large average laser powers. The application of high av-
erage laser power suppresses the formation of disruptions as more pulse are required to
accumulate sufficient aberrations. With increasing laser power the laser induced tempera-
ture increases. The temperature of the surrounding material however stays almost constant
resulting in a faster quenching process with increasing laser power. This indicates that the
amount of induced stress will increase with the average power, too. As stress within a ma-
terial reduces its stability an optimization between the induction of stress and suppression
of disruptions is necessary.
4.5 Laser induced stress
Ultrashort pulse induced modifications are surrounded by large stress fields [144]. The
heating of the focal area leads to thermal expansion of the material inducing stress into
the surrounding material. In addition, the induced structural changes lead to densifica-
tions. Due to the rapid quenching not all of these stress fields can relax. Stress in a
transparent material induces birefringence which can be analyzed by polarization con-
trast microscopy. To analyze the laser induced stress a commercial stress analyzer (Ilis
StrainMatic M4/60.13) was used. Within this setup the glass sample is illuminated with
linear polarized quasi-monochromatic light (587 nm). The initial linear polarized light is
transformed into an elliptical polarization state by passing through the stressed material.
With a retarder the optical path difference between waves parallel and perpendicular to
the optical axis can be measured. The detected optical path difference φ can be converted
into normed stress Σ = φ/(dm · β) where dm is the size of the modified region and β is the
photoelastic coefficient of the material (β = 3.6 TPa−1 for fused silica [152]). The error of
the measured path difference is 0.1 nm.
Figure 4.14 (a) shows the front view of a molten line and a map of the measured optical
path differences. The modification was written with a repetition rate of 9.4 MHz and pulse
energy of 200 nJ (NA 0.4, 450 fs). The stress surrounding the modification exhibits a large
distribution with a size much larger than the initial modification. The width of the stress
61
Direct Laser Bonding - Fundamentals
Fig. 4.14: (a) Microscope image of laser induced modification and corresponding stress distribu-
tion. Here, the repetition rate was 9.4 MHz (200 nJ, NA 0.4, 450 fs). Focussing depth
was 500 µm below the surface. (b) Maximal stress induced retardation and calculated
integrated stress for different repetition rates. The insets show the appropriate stress
distribution. The written lines have a length of 1 mm (200 nJ, NA 0.4, 450 fs).
field is several tens of µm. Therefore, stress fields can disturb other modifications located
in their vicinity [153]. In a next step the maximal optical path difference (i.e. retardation)
was measured with respect to the repetition rate [see Figure 4.14 (b)]. To this end, con-
tinuous lines with a length of 1 mm were inscribed. The resulting calculated stress is thus
an integration of the entire line. The insets in Figure 4.14 (b) show the appropriate stress
distributions. In general, the induced stress increases with the repetition rate. The same
measurements were conducted for different pulse energies confirming that the induced
stress increases with the applied power. To reduce the amount of stress the modification
can be annealed [27] as the higher ambient temperatures support the relaxation of stress
[42, 154]. For viscoelastic materials the induced stress relaxes for temperatures well be-
low the softening point [27]. To quantify this the stress induced retardation of different
modifications in fused silica and borosilicate glass before and after annealing was mea-
sured. The modifications had a length of 2 mm and were inscribed using pulse energy of
200 nJ and repetition rate of 9.4 MHz (450 fs, 515 nm). For the annealing a furnace with a
controllable heating and cooling rate (200 K/h) was used. The annealing temperature was
kept constant for 2 h for each sample.
Figure 4.15 shows a decreasing retardation with increasing annealing temperature for
both glasses. After 2 hours at 600 ◦C the stress induced retardation in fused silica was re-
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Fig. 4.15: Retardation of stress induced birefringence in laser processed fused silica and borosil-
icate samples after annealing for two hours at a certain annealing temperature. Corre-
sponding microscope images of the molten area in borosilicate glass are shown on the
right. The inscribed modifications had a length of 3 mm and were inscribed using a
pulse energy of 200 nJ and repetition rate of 9.4 MHz.
duced from initially 45 nm to 28 nm. In general, the measured retardation in borosilicate
is much lower than in fused silica, e.g. without annealing the stress induced retardation
in borosilicate is only 23 nm whereas fused silica yields almost twice that value (45 nm).
The difference in the induced stress values can be explained by the different viscosity of
the glasses. The lower viscosity of borosilicate glass facilitates an increased relaxation of
laser induced stress during the quenching of the glass. In addition, the annealing point of
borosilicate glass is at 560 ◦C (see Table 2.1). At this stress-relief point the glass is not yet
deformed but internal stress can relax completely within several minutes. Consequently,
after annealing at 600 ◦C the retardation in borosilciate glass is almost zero. On the right
of Figure 4.15 corresponding microscope images of non-annealed and annealed modifica-
tions in borosilicate glass are shown. The laser induced modification appears unaltered for
an annealing temperature of 300 ◦C. However, after heating to 600 ◦C the external region
is completely vanished leaving only the internal region which is connected with a much
higher processing temperature [25, 27].
In general, post-processing annealing can be utilized to reduce the laser induced stress
and strengthen the welding seams between the sample. Annealing is also a well known
technique to strengthen the bonds after optical contacting. Here, the initial van-der-Waals
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bonds are transformed into covalent bonds resulting in larger bonding strengths [32].
However, due to the heating of the entire sample this technique is limited to samples
with almost the same thermal expansion coefficient.
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The final two chapters deal with the laser bonding of transparent materials. In this chapter
the bonding of fused silica is investigated. After a brief description of the experimen-
tal approach the setup to determine the breaking strength is presented. With the three
point bending test, the influence of the welding geometry is investigated. Afterwards two
possibilities to enhance the breaking strength are explained. Finally, fracture mechanical
material properties of laser bonded fused silica are determined with a Chevron Notch test.
5.1 Experimental approach
Tamaki et al. demonstrated the general possibility to bond glasses with high repetition rate
laser systems [23, 30]. First measurements of laser bonded glass were conducted with a
tensile test yielding a bonding strength of about 10 MPa for non alkali glasses [24]. For
Foturan and borosilicate glass it was shown that the stability of bonded glasses can be
significantly enhanced by laser welding with ps-pulses in comparison to optically con-
tacted samples [25, 29, 117]. In their experiments, a shear test was used to determine an
increase of the shear strength of about 55 MPa for laser bonded borosilicate glass [117].
In addition, Hélie et al. presented similar results when using filaments of ultrashort laser
pulses instead of heat accumulation [94, 155]. In most of these experiments, shear tests
were applied which are difficult to compare to the bulk material. In addition multiple dif-
ferent glasses were investigated. Thus, the achievable bonding strength with respect to the
bonding parameters are unknown. In the subsequent study fused silica was used as it is
the most pristine glass and results obtained here can be assigned to other glasses, too.
For all the results presented here a femtosecond oscillator providing pulses at a wave-
length of 1030 nm, repetition rate of 9.4 MHz, an average output power of 5 W and pulse
duration of 450 fs (Amplitude Systems, t-Pulse 500) was utilized. The repetition rate
and pulse energy were varied by an external acousto-optic modulator and a halfwave
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Fig. 5.1: (a) Writing geometry (b) Image of two laser bonded circular blanks of fused silica. (c)
Side view on the welding seams located in the interface of two glass samples.
plate followed by a polarizer, respectively. For all experiments an LBO crystal was used
to generate the second harmonic (515 nm). Commercially available fused silica circular
blanks (Hellma Optics) with a diameter of 50 mm and a thicknesses of 6 mm were used
as glass samples. As the height of the molten and ejected material is only in the range
of a few hundred nanometer [31] the samples were optically contacted before the laser
welding process. Optical contacting requires a sample roughness of 2 nm and a flatness
below 125 nm. Alternatively, the samples can be pressed together as shown by Tamaki et
al. [24]. However, this induces a large amount of stress and reduces the stability of the
bonded samples. The laser pulses were focused with an aspheric lens (NA of 0.5) through
the upper sample, as shown in Figure 5.1 (a). The focal spot was placed slightly below
the interface. By using a positioning system the samples were translated with respect to
the laser focus to inscribe continuous welding seams.
Figure 5.1 (b) shows an image of two laser bonded samples. The white circular lines are
the weldings seams, separated by a distance of 10 µm. The existence of the welding seams
locally reduce the transparency of the bonded sample. However, the inner region remains
unaffected. A side view of the welded interface is shown in Figure 5.1 (c). The large focus-
ing depth results in spherical aberration leading to an enlarged laser focus. Consequently,
the induced modifications are elongated and narrower than reported in Chapter 3 at which
the focusing depth was about 100 µm below the surface. Here, a pulse energy of 200 nJ
and a repetition rate of 9.4 MHz was used, leading to a width of a welding seam of about
6 µm. The dark spots within the welding seams are disruptions (see Section 4.4). The large
disruption atop of a modification is much bigger than the smaller ones within the entire
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modification, whose size is small in comparison to the width of the molten material. Thus,
the interface (white dashed line) has to be located within the welding seams, to minimize
the influence of a disruption and maximize the size of the molten material. By varying
the distance between the welding seams different fractions of the interface can be molten
resulting in different bonding strengths. In the following sections, the achievable breaking
strengths with respect to the processing parameters are investigated.
5.2 Measurement of bonding strength
For the analysis of the stability of bonded samples different tests are usually used. To
determine the breaking strength of bonded silicon samples, typically a blade test is used
[28]. Here, a blade is inserted at the interface and the size of the disjoined area is mea-
sured. However, this test is unsuitable for only partially bonded samples. Furthermore,
even small variations of the measured size lead to high fluctuations of the results. Some
groups use shear [29, 30, 31] or tensile tests [24, 156]. All of these tests are difficult to
compare and normally no conversion between the different results is possible [33]. Tamaki
et al. conducted a tensile test of laser bonded non-alkali glass measuring a joint strength
of ≈ 10 MPa. Wu et al. determined a slightly higher value of ≈ 13 MPa for laser bonded
Foturan. However, a comparison to the value of the bulk material was not possible. To
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Fig. 5.2: Principle process for the measurement of the bonding strength. At first different areas
of the samples were bonded using various processing parameters. (a), afterwards the
sample was cut into rectangular rods (b) and finally a three point bending test applied to
determine the breaking strength of the samples (c).
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After the welding process [see Figure 5.2 (a)], the circular blanks were cut into rectangular
rods with defined dimensions [see Figure 5.2 (b)]. In a next step, the bonded interface
is placed at the center between two bearings directly below the stress pin applying a
defined force F. The influence of a possible displacement (±0.25 µm) to the total error is
much smaller than the described issues below. However, each set of parameters were used
several times (at least five) to estimate mean value and standard deviation. The breaking





where b and h refer to the edge lengths of the sample cross section and l is the distance
between the two bearings [157]. A picture of this three point bending test is shown in
Figure 5.2 (c). For these measurements, the predominant sources of error are defects and
scratches along the outer surface of the rod, induced during the cutting process. At these
scratches the local stress is increased, leading to a fracture of the sample. Thus, the quality
of the sawing blade influences the result of the three point bending test. In general, the
quality of the surface can be enhanced by polishing the sample, reducing the amount of
cracks on the surface. Accordingly, the measured breaking strength of the sample investi-
gated is increased, see Figure 5.3. Here, fused silica samples were bonded and the break-
ing strength was measured with and without polishing. In addition, the breaking strength
of pristine bulk material was determined. For unpolished samples, laser bonded samples
Fig. 5.3: Breaking strength of unpolished and polished samples. At least five samples were used
for each set of parameters.
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yield a lower relative error (standard deviation) of the measurement, as the original in-
terface act as predetermined fracture zone. In general, the positive effect of the polishing
on the breaking strength for laser bonded as well as for bulk material can be seen. For
example, the breaking strength increases from 90 MPa without polishing to 106 MPa for
the bulk material. Due to its large technical and temporal effort, polishing was applied
only exemplary for these few samples. In order to exclude the influence of the quality of
the sawing blade, for each experiment the average breaking strength of the bulk material
was determined (at least 10 samples were used). The measured average breaking strength
for different glasses are given in Table 5.1.
Tab. 5.1: Breaking strength of the pristine bulk glass utilized measured by a three point bending
test.
material bulk breaking strength σ [MPa ]
Fused silica 92 ± 13
Borosilicate 113 ± 15
BK7 40 ± 4
ULE 94 ± 14
Zerodur 164 ± 30
5.3 Laser Bonding of fused silica
It was already shown in Section 3.2.4 the size of the molten region depends on the laser
parameters. In general, the size of the molten material increases with applied laser power.
Due to aberrations, the focusing depth also affects the shape of the molten volume [158],
leading to an elongation. In the experiments a translation velocity of 200 mm/min was
used to reduce the processing time and the amount of disruptions (Section 4.4). At first,
the influence of the amount of molten material on the breaking strength was investigated.
To this end, multiple samples were laser bonded with varying distances of the welding
seams as well as different laser powers.
The measured breaking strength increases with increasing size of the molten area, as
shown in Figure 5.4. For continuous welding seams (black curve), at first the breaking
strength increases linearly and eventually saturates at a maximal value of 25 MPa. This is
about 40 % of the breaking strength of bulk fused silica (in this cyle a breaking strength of
70 MPa was measured for pristine bulk fused silica). On the contrary, single welding spots
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offer a much higher value, see the red curve in Figure 5.4. Here, a maximum breaking
strength of 54 MPa was reached, which is about 75 % of the bulk material.
Fig. 5.4: Dependence of the breaking strength on the amount of the molten area using different
welding geometries. The molten area was normalized to the interface.
To understand this, one has to consider the crack formation within the fracture plane and
the surface energy required for the crack propagation. On the one hand, the molten lines
establish strong bonds between the glass samples but on the other hand they act as prede-
termined fracture points as they induce stress into the material (Section 4.5). If these lines
are continuous only a small amount of surface energy has to be provided for an initial
crack to propagate along the whole line. While using single welding spots, the interface
between molten and non-molten material maximized. Each of these interfaces form a re-
sistance to the crack propagation and thus a higher surface energy to fracture the whole
interface is required. The achieved maximal breaking strength is in very good agreement
with measurements in which bulk material was structured with the same processing pa-
rameters as for the laser bonding. In this case, the breaking strength of the bulk glass is
reduced from initially 70 MPa to 58 MPa, almost identical to the maximum value obtained
for the bonded samples.
To explain the fact that the breaking strength is limited to approximately 75 % of the bulk
material, the fractured surfaces were analyzed. If less than 50 % of the entire interface
is molten, a linear dependence between the breaking strength and molten material is ob-
served. Here, the crack propagates directly at the original interface. This can be seen in
microscope or SEM images, e.g. see Figure 5.5 (a). Here, the remnants of the molten ma-
terial which resides at the ripped interface are clearly visible. These segments occur either
as bulges or as shallow holes with a height of about 200 nm.
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interface bulk material
(a) < 50% of interface molten (b) > 50% of interface molten
interface
Fig. 5.5: SEM image of the fractured samples for a different fraction of molten interface.
Starting with a surface coverage of about 50 % the crack rather propagates in the sur-
rounding material than along the original interface. The new fracture plane has a distance
of several micrometers to the original interface. In Figure 5.5 (b) the change in the frac-
ture plane from the interface into the material can be seen. The different fracture behavior
can be explained by the laser induced stress and the degradation of the glass induced by
the disruptions. If the distance between the molten zones is small enough the stress fields
may overlap and form a predetermined fracture plane. In addition, the disruptions act as
non-bonded or material defect, favoring the crack propagation at their position. Due to the
laser induced bonds between the samples, the interface is no longer the preferred plane for
the crack propagation. Instead of this, a plane along the stress fields acts now as fracture
plane, limiting the achievable breaking strength.
In the following, two possibilities to reduce the amount of stress and further increase the
breaking stability of bonded fused silica samples are presented.
5.4 Tailored energy deposition
A repetition rate of about 1 MHz is required to achieve sufficient heat accumulation for
the melting of fused silica. A further increase of the repetition rate induces a larger molten
area but it also involves much higher temperatures, causing larger stress. Thus, a tailored
energy deposition is required to achieve a temperature above the softening point while
simultaneously minimizing the induced stress. To this end, the high repetition laser source
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Fig. 5.6: An acousto-optic modulator can be used to pick a defined number of pulses from a contin-
uous pulse train, which has a repetition rate of RL. This generates bursts of femtosecond
laser pulses with a burst repetition rate of RB.
was combined with an acousto-optic modulator (AOM). The AOM allows to select single
or even multiple pulses from a continuous pulse train. Thereby the number of pulses
within a so-called burst was varied from 1 to 39 each of them having a temporal separation
of ≈ 100 ns according to the 9.4 MHz repetition rate of the laser. The burst repetition rate
RB was adjusted by dividing the laser repetition rate (RL=9.4 MHz) by integer values.
Figure 5.6 illustrates the different repetition rates.
3.1 MHz
1    MHz
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Fig. 5.7: Simulation of laser induced temperature for continuous pulse trains at different repetition
rates and for laser bursts with a burst repetition rate of 100 kHz. The single pulse energy
was set to 200 nJ.
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To analyze the consequence of a modified heating regime a finite difference heat diffusion
model analogue to Section 3.1.2 has been used. Again, a temperature dependent thermal
conductivity κ(T ) = [1/κ0 + bT ]−1 was included in the model with parameters as deter-
mined in Section 3.1.2. Figure 5.7 shows the glass temperature 2 µm from the center of
absorption (radial distance, z=0) for continuous pulse trains as well as for bursts with a
burst repetition rate of RB = 100 kHz and various number of pulses within a burst. The
laser pulse energy was 200 nJ. For a continuous pulse train, to exceeded the softening
point (dashed gray line) of fused silica a repetition rates of at least 1 MHz is required.
With increasing repetition rate the temperature increases and the material stays at very
high temperatures for almost the complete irradiation time. In comparison to that, the
temperature for bursts with five or ten pulses (green curves) drops below the softening
point after each laser burst. However, the temperature of the processed material exceeds
the softening point for several µs due to the high repetition rate of the pulses within a
burst. As the temperature profile indicates, the temporal heat distribution as well as the
maximum temperature strongly changes when using bursts instead of continuous pulse
trains. This influences the dimensions of heat affected zones as well as the induced stress
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Fig. 5.8: (a) Front view of induced modifications using a constant repetition rate and bursts. (b)
Measured and calculated length of the modifications with respect to the number of laser
pulses within a burst (RB=202 kHz). (c) Micrography of the measured stress fields sur-
rounding the modifications induced by a continuous pulse train and laser bursts. The
optical path difference was normalized to its maximal value. For all experiments, the
single pulse energy was 200 nJ.
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In a next step the size of the molten volume was analyzed while using bursts. The width
of the molten material is comparable to the resulting modifications for a continuous pulse
train, as can be seen in the micrographs of Figure 5.8 (a). In contrast, the length of a burst
induced modification is longer than for continuous pulse trains, while using the same
average power, e.g. the length of the modified area induced by bursts with 202 kHz and
25 pulses within a burst, is about 50 % larger than the size induced by a constant repetition
rate of 4.7 MHz. In addition, the length of a modification in the burst regime depends on
the number of pulses within a burst. Figure 5.8 (b) shows the measured (points) length
of a burst induced modification with respect to the number of pulses within a burst. The
burst repetition rate was 202 kHz. The measured data is in excellent agreement with the
simulations (blue curve) based on Section 3.1.2. The results indicate a growing melt length
with increasing number of laser pulses numbers within a burst. This can be explained by
increasing heat accumulation with increasing pulse number. By increasing the number of
pulses within the bursts the laser repetition rate (9.4 MHz) becomes dominant compared
to the burst repetition rate. Hence, the focal region is heated more and subsequently the
size of the heat affected zones is increased. However, the width of the molten area remains
almost independent of the numbers of pulses within a burst. Here, an increase of the width
might be reduced due to the dominant constriction effect of the large aberrations. Thus,
the burst induced modifications are mainly elongated.
The application of bursts instead of continuous pulse trains is very interesting with respect
to the laser induced stress. As shown in Section 4.5 the applied average power defines
the amount of induced stress. Thus, the amount of laser induced stress can be reduced by
choosing a burst regime with low average power (e.g. low RB), whereas the small temporal
separation of the pulses within a burst still lead to heat accumulation and melting of the
material. In addition, the size of an induced modification determines the distribution of
the surrounding stress fields. As shown in Figure 5.8 (b), the burst induced modification
yields a much narrower stress distribution than the one obtained with a constant repetition
rate, which is most likely caused by the elongation of the modified zone.
Finally, the breaking strength was measured when using bursts of laser pulses. A burst
repetition rate of 100 kHz was chosen. Here, still a considerable amount of material is
molten while the amount of induced stress is small in comparison to a repetition rate of
4.7 MHz. Different pulse energies, pulse numbers and line distances were chosen to melt
different fractions of the interface. After the three point bending test the interfaces of the
samples were analyzed to determine the amount of molten material. Figure 5.9 shows the
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Fig. 5.9: Breaking strength obtained when using continuous pulse trains or bursts of laser pulses
with respect to the relative molten area.
measured breaking strength with respect to the relative molten area. For a better clarity
of the figure, the error bars are shown only for the burst measurements. The error cor-
responding to the continuous pulse train measurements is in the range of 15% for each
data point. For continuous pulse trains (blue points), a maximal bonding strength of about
50 % of the bulk material was achieved. Here, the best results were obtained, while us-
ing a repetition rate of 4.7 MHz (instead of 9.4 MHz). In agreement to Section 5.3, the
saturation of the breaking strength for a molten area larger than 0.5 can be seen. In con-
trast, the application of bursts (black rectangulars) yields a maximal breaking strength of
88 MPa, which is comparable the bulk material. This is the highest value of laser bonded
glass reported so far. Here, the best results were obtained while using 35 laser pulses per
laser burst. Although there is a lack of data points for a molten area between 0.6 and 0.8,
no significant saturation of the breaking strength can be observed. In addition, images
of the broken interfaces show that the samples bonded with bursts are fractured mainly
along the original interface. These results confirm the stress induced birefringence mea-
surements. An increase of the applied average power leads to a rising stress, reducing the
breaking strength of the sample. Consequently, welding with a constant repetition rate of
9.4 MHz yields lower values than at 4.7 MHz. When using bursts, the induced stress is
reduced and the width of the stress fields is smaller. Thus, the overlap of the stress fields
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is reduced, leaving the original interface as predetermined fracture plane. Therefore, no
saturation-effect is obtained and large breaking strengths can be obtained.
5.5 Annealing
Another possibility to reduce the laser induced stress is annealing. As shown in Section
4.5, the induced stress can be reduced to about 66 % of the initial value by annealing for
2 hours at 600 ◦C. However, a thermal treatment of samples is only possible if the same
materials or materials with similar thermal expansion coefficients are bonded. Otherwise,
the different expansion of the samples during the annealing induces large stress at their
interface, leading to a reduced stability or even fracturing of the samples.
To demonstrate the advantage of a post-processing annealing step, the breaking strength
of laser bonded fused silica samples without and with an annealing step was measured.
Heating and cooling rate was 100 K/h and the annealing time was 2 hours for each sample.
Initially, all the samples were bonded with a repetition rate of 4.7 MHz, a pulse energy of
200 nJ and a translation velocity of 100 mm/min. In this cycle, the bulk material depicts
a breaking strength of 90± 10 MPa. Without annealing the average breaking strength was
26 MPa. With increasing annealing temperature the breaking strength increases, as can
be seen in Figure 5.10. Annealing to 1000 ◦C (which is the maximal temperature of the
furnace used) yield a breaking strength of about 60 MPa, which is more than twice the
Fig. 5.10: Breaking strength of laser bonded fused silica after an additional annealing step. For
comparison, the breaking strength of a only laser bonded and non-annealed sample is
shown, too.
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initial breaking strength. Since the annealing point of fused silica is 1080 ◦C annealing
at this temperature or an increase of the annealing time can even further increase the
breaking strength.
5.6 Chevron Notch Test
The results presented so far were obtained using a three point bending test. With this
measurement the breaking strength of the bonded sample can be determined, whereas
no information about the material properties as used in material science are obtained. In
addition, if the fracturing of the sample occurs in the material and not at the original
interface the three point bending test measures rather the stability of the surrounding
material than the stability of the bonded interface.
One important material property is the fracture toughness K1C, describing the resistance
of a material against the propagation of an already existing crack [159]. Thus, if K1C
and the length lD of a material defect (e.g. a crack) are known, the required stress σc to
completely fracture the material can be calculated: σc = K1C/
√
lD [160]. The fracture
toughness of bulk fused silica is K1C ≈ 0.8 MPa
√
m [159, 161]. In addition, for isotropic
materials the fracture surface energy γ f , indicating the energy required to disrupt the








with νP the Poisson’s ratio (0.17 for fused silica) and E the Young’s elastic modulus of the
material. The fracture surface energy of fused silica was determined to 4.42 J/m2 [159].
One possibility to measure the fracture toughness of laser bonded glass is the application
of a Chevron Notch (CN) test [98, 162]. The design of a Chevron Notch test is shown in
Figure 5.11. Instead of completely bonding the samples a chevron pattern with a special
designed chevron notch angle is bonded. To perform the test special studs are glued onto
the non-bonded edges of the samples. Subsequently a tensile load can be applied until the
samples are torn apart.
The advantage of a CN-test is the formation of a sharp crack with a well defined length.
The crack starts at the chevron tip, due to its high local stress concentration. With increas-
ing force the crack length and width increases, exhibiting a stable growth. A complete
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Fig. 5.11: Sketch of Micro-Chevron Test. The bonded interface exhibits a special design with a
Chevron angle of 70 ◦.
fracture of the sample is hindered by an increasing bond front, due to the Chevron pattern.
After reaching a critical length the crack propagation becomes chaotic, which fractures
the samples. The critical length of the crack corresponds to the maximum applied force
FMax and depends only on the geometry of the sample and the chevron pattern and is in-
dependent on material parameters. Hence, to calculate the fracture toughness only FMax
is required [163, 164]:
K1C = Y⋆FMax (5.3)
The factor Y⋆ is a geometric parameter and can be calculated by FEM simulations [99].
20 µm
(a) top view (b) front view
100 µm
Fig. 5.12: (a) Top view on laser bonded Chevron Notch samples. Here, the Chevron angle is 70 ◦.
(b) Front view on the laser inscribed welding seams, exhibiting a distance of 5 µm. The
dark spots within the modifications are disruptions.
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To determine the fracture toughness of laser bonded fused silica samples 16 identical
samples were tested. The Chevron pattern of the laser bonded samples is shown in Figure
5.12 (a). After preliminary investigations a Chevron angle of 70 ◦ was chosen. The sample
size was 15 × 20 mm2. In order to bond the entire interface [see Figure 5.12 (b)] a line
distance of 5 µm was chosen. The pulse energy was 200 nJ at a repetition rate of 4.7 MHz.
When conducting a three point bending test, these processing parameters yield a break-
ing strength of about 50 % of the bulk material (see Figure 5.9). However, the focussing
depths for these two tests are different and thus the resulting stability values will differ.
Figure 5.12 (b) shows that the induced disruptions (black spots) are mainly located in the
upper part of the modifications without disturbing the bonded interface. The force FMax
measured by the Chevron Notch test (43.3 ± 15.6 N) exhibits a large variation, which is
non-typically for a CN test.
For brittle materials the maximal load required for a failure may vary due to defects within
the samples, at which failure processes originate. Thus, a failure parameter (e.g. the frac-
ture toughness) is best represented by a probability distribution rather than one exact
value. Hélie et al. used a Weibull distribution to demonstrate that laser bonded samples ex-
hibit a higher shear strength than samples which were only optically contacted [94, 155].
Especially for brittle materials, the failure probability is commonly described with such a
Weibull distribution [155]:






with the Weibull parameters η (scale parameter) and k (shape parameter). A Weibull dis-
tribution expresses the cumulative failure probability of the samples investigated. Thus,
the failure probability can be estimated for a required fracture toughness from the Chevron
Notch tests. The mean fracture toughness at failure φ (corresponding to the expectation








where Γ denotes the Gamma function. Figure 5.13 shows the Weibull plot of the Chevron
Notch measurements of the laser bonded samples. The mean fracture toughness at fail-
ure of 0.912 MPa
√
m is even slightly higher than the bulk material value (0.8 MPa
√
m
[159, 161]). The shape parameter k of the Weibull distribution is 2.27. For technical de-
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Fig. 5.13: Weibull plot of Chevron Notch measurements of laser bonded fused silica samples.
vices with different failure reasons Weibull distributions with a shape parameter k ≥ 1
are favored as this indicates a failure characteristic due to exhaustion or aging of the de-
vice and a homogeneous distribution of defects within the samples [155, 165]. However,
a large variation of the fracture toughness can be seen, too. In addition, within most ex-
periments the entire sample fractured before the interface was torn apart indicating that
the bonded interface exhibits a higher surface energy than the surrounding material. This
points towards a degradation of the surrounding material during the laser welding process
as discussed in Section 5.3. As the fracture occurred always for values close to the critical
length, the appropriate fracture toughness can be treated as lowest limit of the bonded in-
terface, explaining the difference of the measurements from an ideal Weibull distribution.
Furthermore, the often very high fracture toughness can be attributed to the laser treat-
ment, too. It was shown by Miyamoto et al. [25] that laser treatment of glass can even
increase its stability by the induction of compressive stress. Thus, the large variation is a
superposition between the induction of defects and stress in the surrounding material and
additional internal stress.
The Chevron Notch tests have proven that fracture toughness and fracture surface energy
(≈ 5.57 J/m2) of laser bonded fused silica are comparable to the values of the pristine
bulk material. However, the laser bonding degrades the surrounding material especially
by the induction of stress. This limits the overall breaking strength of the bonded samples,
although the weakest material is not the welding seam itself but the surrounding material.
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In this final chapter, the bonding results using different transparent and even opaque ma-
terials are presented. At first, homogeneous glass combinations are welded. Due to their
different material parameters the required processing parameters for the successful bond-
ing differ from the parameters used for fused silica. The second part deals with the welding
of dissimilar glass combinations and the analysis of the resulting molten material. Finally
the welding of glass to different materials as silicon is presented, followed by some appli-
cation examples of the laser bonding technique.
6.1 Homogeneous glass combinations
6.1.1 Borofloat 33
Borosilicate glass has a much lower softening point than fused silica (see Table 2.1). In
addition, the thermal conductivity is lower, leading to an increased heat affected zone
and accordingly a larger molten volume, while using the same processing parameters as
for fused silica. Furthermore, Borosilicate exhibits a viscosity which is about 6 orders of
magnitude lower than fused silica (e.g. at 1600 ◦C fused silica has a viscosity of about
5 · 108 Pa · s whereas Borosilicate glass has a viscosity of about 102 Pa · s) [145]. Thus,
during the resolidification possible distortions (e.g. voids or laser induced disruptions) can
be balanced and induced stress can partially relax [166].
A front view on the laser induced welds in Borofloat 33 is shown in Figure 6.1 (a). Here,
a repetition rate of 4.7 MHz, pulse energy of 200 nJ (translation velocity of 200 mm/min)
and focusing depth of 1 mm was used. The width is more than 50 µm which is much larger
than in fused silica (see Figure 2.5). In addition, no dark spots (disruptions) are formed.
Cvecek et al. measured the shear strength of laser bonded borosilicate glass which was
about 25 % of the bulk material [29]. Figure 6.1 (b) shows the breaking strength measured
with a three point bending test with respect to the line separation of the welding seams for
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Fig. 6.1: (a) Front view on laser welded Boroflaot 33. (b) Breaking strength of Borofloat with
respect to the line separation for different repetition rates. The pulse energy was 200 nJ.
The error of the measured breaking strength is about 15 %.
two different repetition rates. In general, with decreasing line separation a larger fraction
of the interface is molten and the breaking strength of the welded samples increases up to
an optimal value yielding the maximal breaking strength. However, for a line separation
smaller than the optimal value the breaking strength decreases again. This effect is due to
the induced stress fields which overlap if the line separation is small enough reducing the
stability of the bonded samples. As the width of the welding seams and the induced stress
are determined by the repetition rate of the laser the optimal line separation depends also
on the repetition rate, see Figure 6.1 (b). When using a line separation of 20 µm while
using a repetition rate of 4.7 MHz the highest breaking strength of 108 MPa is obtained.
This is about 95 % of the bulk material (113 MPa) and thus the highest stability value
achieved for laser bonded borosilicate glass.
6.1.2 BK7
Another borosilicate glass is BK7 which exhibits a relative large thermal expansion coef-
ficient α of 7.1·10−6 K−1 (α of Borofloat 33 is 3.25·10−6 K−1). The high thermal expansion
coefficient leads to intense stress within the material if the glass temperature increases lo-
cally. Thus, multiple cracks are formed within the glass during the laser welding process.
Although it was possible to weld some individual samples exhibiting a breaking strength
higher than the solely optically contacted samples, a reliable measurement for the welding
of pure BK7 samples was not possible.
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6.1.3 ULE
One great advantage of ULE glass is the low thermal thermal expansion coefficient (see
Table 2.1). Softening point and thermal conductivity of ULE are comparable to fused
silica. However, the welding of ULE shows a completely different dependence of the laser
parameters as the glasses presented so far. For all applied laser parameters a darkening of
the sample was observed. After the irradiation with ultrashort laser pulses the modified
ULE glass exhibits an enhanced absorption over the entire visible spectral range, see
Figure 6.2 (a). This darkening increases with the pulse energy applied. For the absorption
curves shown in Figure 6.2 (a) a line pattern was structured (see inset) with a repetition
rate of 4.7 MHz and a line separation of 10 µm (translation velocity of 1 mm/min). The
darkening of the sample can also be seen in the microscope image of the inset of Figure
6.2 (a).
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(b) microscopic front view
R =9.4 MHz
EP=125 nJ
v  = 200 mm/min
25 µm
(a) absorption spectrum
Fig. 6.2: (a) Absorption spectra of modified ULE for different processing pulse energies. As ref-
erence, the absorption spectrum of pristine ULE is shown, too. (b) Front view on the
laser induced modification. (c) EBSD pattern of the indicated areas within the modified
volume.
The darkening of the sample is due to the high TiO2 concentration of the ULE glass.
A change of the oxidation state from Ti4+ to Ti3+ is well known to induce a darkening,
e.g. during the electrochemically induced nucleation of mullite [167] in glass melts or
the laser-induced darkening in thermoplastic elastomers with TiO2 additives [168]. The
reduction of TiO2 occurs at temperatures above 1500 ◦C and thus also during the laser
welding process [114]. To confirm the presence of different oxygen-titanium-compounds
the laser modified sample was analyzed by Electron Backscattering Diffraction (EBSD)
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[169]. The front view of the laser induced welding seam presented in Figure 6.2 (b) shows
that the black coloration is actually localized in dots within the heat affected material.
These dots seem to be temperature induced pointing towards laser induced crystallization
[170, 171]. The EBSD pattern of these dots shows a crystalline pattern, which can be
indexed as trigonal Ti2O3, see Figure 6.2 (c). The surrounding material shows no signifi-
cant EBSD pattern as expected for an amorphous material. Interestingly, not all structures
provide an EBSD-pattern allowing distinct indexing. This may be caused by a disturbed
crystal lattices (stress, residual glass, partial crystallization) or clusters of nm-scale crys-
tals instead of a single crystal. Independent from the indexing procedure the acquisition
of any EBSD-pattern proves the presence of a diffracting lattice and hence confirms laser
induced crystallization in these samples. The crystallization is accompanied by a volume
contraction leading to the formation of pores and stress around the crystal.
In accordance to that, with increased darkening of the sample a decreasing breaking
strength was measured. Thus, stable bonding of ULE samples is only possible using low
pulse energies. Figure 6.3 shows the measured breaking strength with respect to the rela-
tive fraction of molten interface of laser bonded ULE using different average laser powers.
Here, the translation velocity was 200 mm/min. When using a pulse energy of 150 nJ and
a repetition rate of 9.4 MHz (not shown) the processed samples were almost completely
dark and no bonding was achieved. For a repetition rate of 3.1 MHz (black line Figure 6.3)
the breaking strength achieved was about 10 MPa due to the only weak heat accumula-
relative molten area [%]



















4.7 MHz;   75 nJ
4.7 MHz; 110 nJ
3.1 MHz; 150 nJ
Fig. 6.3: Breaking strength of ULE in dependence on the relative molten area for different laser
parameters. The lines are a guide to the eye.
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tion. The highest breaking strength was obtained for repetition rates of 4.7 MHz. Using a
relatively low pulse energy of 75 nJ a maximal breaking strength of 50 MPa was obtained
(see blue curve in Figure 6.3) which is about 55 % of the ULE bulk material (90 MPa).
Here, isolated welding spots were used. Darkening of the sample hindered any further
increase of the molten area and higher breaking strengths.
6.1.4 Zerodur
Another material with a very low thermal expansion coefficient of below 10−9 K−1 is the
glass-ceramic Zerodur. To achieve the low thermal expansion coefficient the positive ther-
mal expansion of the glassy phase of Zerodur is balanced by a negative thermal expansion
of an additional crystalline phase. Although the material properties (softening point, ther-
mal conductivity, etc.) of Zerodur are comparable to the other glasses under investigation,
the achieved breaking strengths are below 20 MPa, which is only about 11 % of the bulk
material. Here, the translation velocity was a crucial processing parameter. The accessi-
ble breaking strength increases with increasing translation velocity and the best results
were obtained for a translation velocity of 1000 mm/min. A possible explanation for the
low breaking strength is the large Young’s modulus of Zerodur. Hence Zerodur is stiffer
than the other glasses and the laser induced heating leads to multiple cracks reducing the
stability of the laser processed material.
6.2 Bonding of dissimilar glasses
In a next step, various glass combinations were joined. Most common bonding techniques
are not able to bond different materials, due to their dissimilar thermal expansion coeffi-
cients. This is especially true for techniques working with an additional annealing step. In
contrast, the localized heating induced by ultrashort laser pulses offers a great advantage
as the induced thermal load is minimal. However, the processing parameters with respect
to the material properties determine the size of the molten material. Consequently, the
dimensions of the laser induced modification can change directly at the interface. This
can be seen in Figure 6.4 showing the front view of welded glass combinations. For all
the experiments, the laser focus was placed underneath the interface of the samples as the
initial position of the laser focus always poses the lowest point of the molten volume.
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Fig. 6.4: Welding of different glass combinations. Due to the different thermal coefficients the
size of the heat affected zones changes at the interface. For all experiments, the focus
was placed underneath the interface of the samples. Various processing parameters have
been applied.
As the thermal coefficients of ULE and Zerodur are comparable, the widths of the molten
material are nearly the same. On the other hand, the welding of the other material combi-
nations shown in Figure 6.4 [e.g. Borofloat 33 (B33) on ULE or Borofloat 33 on fused sil-
ica (SiO2)] shows a huge difference in their melt widths. Fused silica on ULE are both sil-
ica glasses with comparable thermal properties. Hence the only difference in their molten
material is the formation of a large disruption in the fused silica glass. Fused silica and
BK7 exhibit a large difference in thermal conductivity and especially softening point.
Consequently, the width of the molten material within BK7 is much larger than in fused
silica. Interestingly, this combination shows no hints of a formed disruption within the
molten fused silica glass. This might be due to the formation of a new glass structure
within the modified area, consisting of both glasses. Bonding of BK7 on fused silica was
also demonstrated by Hélie et al. while using filaments of ultrashort laser pulses [94].
The challenge for the successful bonding of dissimilar glasses is to choose processing
parameters which are adapted to both materials. Figure 6.5 shows the dependence of the
breaking strength on the line separation for different material combinations. In accor-
dance to the results obtained for homogeneous material combinations an optimal value
of the line separation exists. This optimal line separation is determined by the amount of
molten material versus the induction of stress. For all experiments, the optimal line sep-
aration was between 5 µm and 20 µm. For most material combinations (colored triangles
in Figure 6.5) the optimal repetition rate was 4.7 MHz. In most cases, the application of
a higher repetition rate results in the formation of cracks within the samples and lower
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        Borofloat 33 on SiO2
        SiO2 on ULE
        Borofloat 33 on BK7
9.4 MHz:
        Borofloat 33 on SiO2
Fig. 6.5: Breaking strength with respect to the line separation for different material combinations.
repetition rates yield only a small amount of molten material.
Figure 6.6 summarizes the obtained bonding results for different glasses and glass combi-
nations. The gray bars indicate the measured breaking strength of the bulk material. The
blue bars in front of them show the maximal achieved breaking strength for homogeneous
material combinations and the orange ones reflect the maximal breaking strength after
welding the respective glass combinations. The results obtained for the bonding of differ-




















































Fig. 6.6: Bonding results of the glasses and glass combinations investigated. The gray bars indi-
cate the breaking strength of the unmodified bulk materials. The blue bars represent the
maximal breaking results of homogeneous material combinations. The orange bars show
the maximal bonding results of different material combinations.
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example, the combination of fused silica with ULE yields a breaking strength of 53 MPa
which is almost the same value achieved for the bonding of ULE samples (54 MPa). Inter-
estingly, it was possible to bond Borofloat 33 on BK7. The combination of theses glasses
results in a higher breaking strength (up to 57 MPa) than the breaking strength of the BK7
bulk material (40 MPa). A microscopic inspection of the fractured samples showed that
the initial crack propagation started within the original interface of Borosilicate and BK7
but continued within the BK7 bulk material. This indicates that solely the molten inter-
face exhibits higher breaking strength as the pristine BK7. This might be due to the new
composition of the solidified material containing both glasses, BK7 and Borofloat 33.
6.2.1 Structural analysis
In the following, the composition of a laser bonded region is analyzed by Raman spec-
troscopy. To this end, the bond interface of ULE and Zerodur was investigated as both
glasses exhibit different Raman features. The Raman spectra of pristine and modified
ULE (blue lines) and Zerodur (red lines) are shown in Figure 6.7. For the laser modifi-
cation of Zerodur and ULE the same laser parameters as for the laser bonding were used
but only the individual bulk material was modified. In addition, a Raman spectrum of the
Fig. 6.7: Raman spectra of pristine and laser modified Zerodur and ULE. In addition, a spectrum
originating from the welding seam is shown. The microscope image illustrate the differ-
ent origins of the spectra.
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welded interface (black line) is shown. The origin of the Raman spectra of the unmodified
glass and the weld can be seen in the microscope image on the right of Figure 6.7. The
spectra are shifted against each other to highlight their differences. Some characteristic
silica features - due to bending and stretching modes of the fundamental Si-O-Si linkage
[83, 84] - appear also in the Raman spectra of ULE and Zerodur. The spectral ranges at
which the glasses exhibit individual features are highlighted by yellow color. ULE shows
a distinct peak at 934 cm−1 due to an asymmetric Ti-O-Si stretching mode [172, 173]. The
second prominent peak at 1110 cm−1 is assigned to an Si-O− stretching mode (Q3 silicon
tetraheda) [83, 174]. The spectrum of Zerodur shows individual features at 143 cm−1 and
297 cm−1 induced by the AlO3 content and a disordered crystalline phase of anatase and
solid solution of TiO2-Al2O3 with anosovite structure [166, 175]. The laser treatment of
Zerodur increases its Raman signal between 100 cm−1 and 500 cm−1 whereas laser treated
ULE depicts only marginal changes. However, the characteristic features of ULE and
Zerodur still exist and no additional Raman peaks were induced by the laser treatment.
The Raman spectrum originating from the welding seams shows distinct features of both
glasses. Within this spectrum a low peak at 143 cm−1 appears and additionally a peak at
934 cm−1 can be found indicating a new glass composition as a result of the melting and
subsequent diffusion of the glasses.
To investigate the composition of the entire weld, the whole front view of the modifica-
tion [Figure 6.8 (a)] was mapped and the Raman signal recorded. Afterwards, the Raman



































Fig. 6.8: (a) Microscope image of laser welded Zerodur /ULE combination. (b) mapping of the
integrated Raman spectra within the glass specific ranges, as indicated in 6.7.
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ranges of Figure 6.7) of ULE and Zerodur, respectively. For the left part of Figure 6.8 (b)
the baseline subtracted spectra between 107 cm−1 and 220 cm−1 were integrated. Within
this spectral area Zerodur shows a large Raman response while pure ULE exhibits no Ra-
man signal (see Figure 6.7). Thus, unmodified Zerodur yields the highest intensity (cyan)
whereas unmodified ULE shows almost no intensity (green). The shape of the laser in-
duced modification can be clearly identified and agrees to the shape of the microscope
image. The modified material depicts a reduction of the integrated peak intensity from
the Zerodur towards ULE showing a transition of the Zerodur into the ULE glass dur-
ing the melting of the material. The same analysis was done for the characteristic ULE
peak between 850 cm−1 and 1010 cm−1. Here, ULE shows the highest intensity whereas
Zerodur is devoid of any signal. Again the entire modified area shows a transition from a
low signal (within Zerodur) to a high signal (within ULE). The laser modified ULE area
shows a lower Raman signal than the pure ULE due to a reduction of the Raman band at
∼ 850 cm−1 under heat treatment, as reported by Dymshits et al. [173]. In addition, a drop
of the peak intensity can be seen at the upper part of ULE. The microscope image [Figure
6.8 (a)] shows also a faint dark spot within this area which is most likely a disruption.
This distorts and reduces the Raman signal.
The results of the Raman analysis have shown that the bonding of different glasses using
ultrashort laser pulses induces new compositions of the parent materials. By the gener-
ation of new material compositions breaking stabilities are achieved comparable to the
individual welded glasses. Thus, localized laser bonding is a powerful technique to bond
even different materials.
6.2.2 Annealing
The stability of laser bonded glasses can be enhanced by annealing. However, annealing is
only possible for materials with almost the same thermal expansion coefficient. Fused sil-
ica and ULE exhibit each a very low thermal expansion coefficient (see Table 2.1). Thus,
the annealing of laser bonded fused silica/ULE is possible. Figure 6.9 shows the breaking
strengths obtained for different annealing temperatures. Each annealing temperature was
kept for 2 hours, whereas heating and cooling rate was 100 K/h.
Here, processing parameters were chosen at which the laser bonded (non-annealed) mate-
rial exhibits a breaking strength of only 20 MPa. However, the breaking strength increases
with increasing annealing temperature. Annealing to 800 ◦C yields a breaking strength of
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Fig. 6.9: Breaking strength of laser welded ULE/fused silica without and with an post-processing
annealing step.
46 MPa which is more than twice the value of the non-annealed samples. Thus, it is pos-
sible to strengthen the laser induced welds, even for inhomogeneous material combina-
tions, if the mismatch between the thermal expansion coefficients of the bonded materials
is small. The possibility to strengthen the stability of already laser welded samples is
especially important if processing parameters were chosen which yield not the maximal
accessible breaking strength, e.g. only a few welding seams were inscribed to enhance the
transparency of the welded sample.
6.3 Bonding of opaque materials
Finally the technique of laser induced heat accumulation was used to demonstrate the
bonding of transparent on opaque materials. To this end, BK7 was bonded on silicon. A
first study of the processing parameters has shown that the laser focus has to be placed
directly at the interface of the two optically contacted samples. Using a repetition rate
of 9.4 MHz always induced cracks in BK7. In addition, pulse energies of above 150 nJ
lead to damage, too. Thus, the final samples were bonded at a repetition rate of 3.1 MHz
and a pulse energy of 130 nJ (450 fs, 515 nm, 0.5 NA). For the processing wavelength of
515 nm silicon is opaque, i. e. linear absorption dominates. However, also a large amount
of BK7 is modified as can be seen in the microscope image of Figure 6.10. The dashed
line retraces the molten material in BK7 showing the typical shape of laser induced mod-
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ification in glass. In addition, the surface of silicon was molten and is extended into the
BK7 glass.









































Fig. 6.10: (a) Raman spectra of pure silicon and BK7. The Raman signal of the molten region is
shown, too. The microscope image shows the bonding area between silicon and BK7.
The dashed line retraces the heat affected zone in BK7. (b) Map of the Raman signal of
the silicon peak (at 520 cm−1) of the entire modified area.
To illustrate this, Raman mapping of the welded interface was conducted. Figure 6.10 (a)
shows the Raman spectra of BK7 (red line) and silicon (blue line). The typical silicon
Raman peak at 520 cm−1 - due to the Si-Si bonds - and the second order of the silicon
peak between 920 cm−1 and 1000 cm−1 can be seen. For the Raman spectrum of BK7 the
signal was accumulated 10 times. Here, the typical features of borosilicate glass were ob-
served [83]. The spectrum recorded within the dark modified area (indicated by a green
point in the microscope image) shows the silicon Raman peak, too. The increasing Ra-
man signal for higher wavenumbers is due to fluorescence of the material. Figure 6.10 (b)
shows a mapping of the silicon Raman peak over the entire modified area. It can be seen
that solely the silicon diffuses into the laser treated BK7 glass. No evidence was found
that some glassy material is embedded within the silicon. Thus, the bonding mechanism
is different from the bonding of two transparent materials where the melts of the materials
are mixed.
Figure 6.11 shows the surface of a BK7 sample which was bonded to silicon and sub-
sequently ripped off. In addition, the intensity of the silicon Raman peak is plotted, too.
The remnants of the welding seams can be seen in both images. The Raman measurement
(right image) shows that the welding seams consist mainly of silicon whereas no mate-
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rial was ripped off the BK7 sample. From Figure 6.10 and Figure 6.11 one can conclude
that the silicon serves as adhesive between the two samples. Due to the linear absorption
of silicon at first the silicon is molten followed by a diffusion of the molten silicon into
the BK7. The heat treatment of silicon distorts the crystal structure reducing its stability.























Fig. 6.11: Remnants of silicon atop a BK7 sample. After the laser bonding the samples were ripped
apart. The Raman mapping of the silicon peak (right image) shows that the welds consist
mainly of silicon.
Ultrashort laser pulses can also be used to bond metals on glasses. Ozeki et al. and Utsumi
et al. bonded successfully copper on glass, whereas with the application of fs pulses the
required pulse energy could be reduced by two orders of magnitude compared to ns pulses
[95, 103]. In addition, a precisely control of the welded region was possible while using
fs pulses [95].
6.4 Application examples
As shown in the previous chapters laser bonding of transparent materials is a powerful
tool to realize stable bonds between different materials. The potential applications are
numerous. In this section few applications of laser bonding are briefly highlighted. Laser
induced welds are continuous lines of molten material. Thus, these welds are gas and
especially water proof. This can be used to encapsulate optical devices. Figure 6.12 (a)
shows an optical grating. Here a thin glass-coverplate was bonded to the substrate to avoid
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(b)(a)
2 mm 4 mm 4 mm
Fig. 6.12: (a) Encapsulation of a grating for Surface Enhanced Raman Spectroscopy. (b) Bonding
in a distinct area of fused silica samples to realize a high quality Fabry-Perot Etalon.
contamination of the grating.
The device presented in Figure 6.12 (b) is a Fabry-Parrot Etalon. For the bonding of the
samples an adhesive can not be used as it would change the distance between the glass
plates and thus distort the resonance frequency of the Etalon. Other bonding methods as
annealing or surface activation are not suited as only the lower part of the samples has to
be joined. Annealing of the entire sample would distort the coating of the sample. Instead
laser induced bonding can be used to bond the lower part of the samples and realize strong
bonds.
One disadvantage of laser induced bonding is the local reduction of the transmission of
the glass at the position of the welding seams. Experiments showed that the transmission
through the welding seams can slightly improved by a post processing annealing step.
However, the laser welding itself can solve this problem. With a position system only
some parts of an optical device (e. g. a lens) can be bonded while leaving the rest of the
device unattached. Thus, optical devices can be joined at their outer edges whereas the
central part remains unchanged and its transmission is unaffected of the entire bonding
process.
Laser induced bonding can also be utilized in combination with conventional bonding
techniques to strengthen the bonds or to protect former non bonded parts. Figure 6.13
(a) shows two large plasma bonded fused silica samples. The interface is not completely
bonded as indicated by the interference pattern. This is a serious problem for large sam-
ples and due to the imperfections at the edge of the samples. Such a non-bonded part








after additional welding 
plasma bonded sample
Fig. 6.13: (a) Plasma bonded samples with a non-bonded part. After the inscription of additional
welds the interference fringes are reduced and a fracture of the entire sample prevented.
(b) Welding seams seal the non-bonded part of plasma bonded ULE samples.
interface. In the lower picture of Figure 6.13 (a) a homogeneous pattern of welding lines
was inscribed in the same sample. These welds serve as additional bonds and protect the
entire sample. In addition, the non-bonded area is reduced as the welds pull the sam-
ples slightly together. Consequently, the number of interference rings is reduced. The red
dashed line indicates the theoretical envelope of the interference rings without additional
welding seams. In addition, non-bonded parts can directly be encircled by the inscription
of additional welding seams. This prevents a fracture of the entire sample. Figure 6.13 (b)
shows plasma bonded ULE samples. Defects at the lower edge lead to a non-bonded area
(interference pattern), which was additionally protected by laser induced welding seams.
These brief descriptions of potential applications are just some first examples of the uni-
versal application potential of laser bonding using ultrashort laser pulses at high repetition
rates. Due to the high accessible breaking strength strong and reliable bonds are obtained
between the samples giving the opportunity to bond only a certain fraction of the samples
or even dissimilar materials.
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7 Conclusion and Outlook
The development of novel ultrashort pulse laser systems revolutionized the processing of
transparent materials in the last years. Numerous techniques were designed to structure
transparent materials (e. g. glasses) even directly within the pristine bulk material. In con-
trast, the stable and reliable bonding of different transparent materials is still a demanding
problem [1, 2]. Numerous techniques were copied by silicon wafer techniques, whereas
none of them were designed for transparent materials leading to multiple disadvantages.
Thus, new methods are required to achieve high bonding strengths and to bond even dif-
ferent materials. To reduce the amount of induced stress the processing should be at room
temperature and no interface layer should be used to avoid possible aging of the bond. In
principle, ultrashort laser pulses are capable to solve all these issues [30]. Their extremely
short pulse duration facilitates non-linear absorption processes leading to extremely non-
equilibrium states in the processed region [5, 6]. If the time between the laser pulses is
shorter than the heat diffusion time within the material, the temperature of the processed
area increases stepwise and so-called heat accumulation occurs [21]. Under these circum-
stances the laser acts as thermal point source allowing to locally melt the material within
a well defined vicinity of the laser focus [21, 22]. With a positioning system the thermal
point source can be moved arbitrary enabling the possibility to bond two transparent sam-
ples by the local melting of their interface [30].
The principle capability to induce local melting by ultrashort laser pulses at high repetition
rates was shown by Schaffer et al. [21]. In addition, the welding of transparent materials
using ultrashort laser pulses was first presented in 2005 [23]. However, the fundamental
physical properties of the laser bonding mechanism were not analyzed. Furthermore, there
are no comprehensive investigations about the achievable bonding stabilities. In addition,
the testing setups used so far were not suited to compare the stability of laser bonded
samples with values of the pristine bulk material.
Within the frame of this thesis, the physical principles of the briefly described laser bond-
ing technique were investigated. The results presented here, give new insights in the fun-
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damental interaction process of transparent materials with ultrashort laser pulses at high
repetition rates. At first the absorption process of ultrashort laser pulses at high repetition
rates was analyzed. It was shown that the cumulative action of laser pulses is mediated by
different mechanisms. Within several hundred picoseconds after the laser excitation, Self
Trapped Excitions (STEs) enhance the absorption of the subsequent pulse. The STEs de-
cay within several hundred picoseconds amongst others into dangling-bond-type defects
increasing the absorption within the modified area. In general, the permanent defects are
an integral part of the laser induced modification as they correspond to a densification of
the irradiated material. Raman measurements of the heat treated zone yield an increase of
the 3- and 4-fold silicon-oxygen rings leading to a decreasing overall bond angle and a
densification of the glass. An exact analysis of the respective peak positions and widths
indicate that predominantly planar 3-fold rings are formed. In addition, IR-reflection mea-
surements show an increase of the fictive temperature of the modified glass of ≈ 700 K
induced by the laser heating and the subsequent rapid quenching of the glass which is
much faster than in any conventional glass production process.
Absorption of multiple laser pulses lead to heating of the material. Although several the-
oretical approaches exist to simulate the laser induced temperature distribution [22, 176]
no reliable experimental measurements of the ultrashort pulse induced heat accumula-
tion and subsequent heat diffusion were obtained so far. Within this work, the spatial
and temporal temperature distribution induced by ultrashort pulse at high repetition rates
was measured directly, for the first time. To this end, an in-situ micro Raman setup was
developed. The results indicate a critical influence of the pulse energy on the induced tem-
perature. In borosilicate glass, the maximal temperature directly after the excitation (pulse
energy 1.1 µJ, repetition rate of 1 MHz) is about 7000 K and rapidly cools down within
several hundreds of ns. A theoretical model developed confirms the experimental results
and predicts the size of the molten material. While assuming an elliptical heat source and
a temperature depending diffusivity the simulations are in very good accordance to the
experimental results.
In addition, the formation of disruptions occurring in molten fused silica could be ex-
plained here. The internal structure of these disruptions were imaged for the first time.
These disruptions consist of a foam-like inner structure with cavities ranging from a few
hundreds of nm up to 2 µm. The formation of a disruption can be explained as a result of
an interruption of the laser heating process leading to a rapid quenching of the material.
For continuous irradiation this interruption is caused by aberrations induced by the re-
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fractive index change of the molten material. These aberrations reduce the energy density
within the laser focus until the absorption stops. Simulations of the intensity in the laser
focus after passing a temperature induced index modification confirm this model. Disrup-
tions appear periodically for focusing close to the surface and high pulse energies. The
largest distance between periodic disruptions is obtained when using high pulse energies
and high repetition rates.
Another issue were the induced stress fields surrounding the laser induced welds. These
stress fields increase with increasing applied laser power while an entire relaxation of the
stress field is prevented by the quenching of the material. With an additional annealing
step the induced stress could be significantly reduced. A complete relaxation of the laser
induced stress in borosilicate glass was obtained after annealing to 600 ◦C, whereas at this
temperature the stress in fused silica was reduced by only 50 %. This difference can be
explainey by the different annealing points of the glasses.
The implementation of the results obtained allowed the successful bonding of various
glasses. The stability of the laser induced bonds were determined with a three point bend-
ing test as well as with a Chevron Notch test. Both testing setups were applied for the
first time at laser bonded glass samples and indicated that the laser welding technique al-
ter the surrounding material reducing its stability. Thus, the laser induced welding seams
exhibit higher breaking strengths than the surrounding material. In fused silica a breaking
strength of up to 75 % of the pristine bulk material was obtained while inscribing isolated
welding spots. This high value is in good agreement with the breaking strength of the bulk
material after the same modifications were induced. One way to increase the stability of
laser bonded glass is thermal annealing. However, annealing of the entire sample posses a
high thermal load for the sample and complicates prospective applications. Thus, another
approach was chosen using a tailored energy deposition and reducing the induced stress
to increase the breaking strength. As shown here, with bursts of ultrashort laser pulses
very high breaking strengths can be achieved. The application of laser bursts instead of
temporally equally distributed pulses lead to elongated modifications changing the shape
of the induced stress distribution. In addition, when using laser bursts a bonding regime
with relatively low average power can be chosen reducing the overall induced stress. Us-
ing these two advantages, up to 96 % of the breaking strength of the bulk material was
obtained. This is the highest value of laser bonded transparent materials reported so far.
With direct laser bonding numerous glasses and even glass combinations can be joined,
whereas the achieved breaking strength depends on the glass. For example, for borosili-
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cate glass a breaking strength of up to 95 % of the bulk material was obtained. In contrast,
the bonding of the zero expansion glass ceramic ULE is accompanied with a crystal-
lization process giving rise to the formation of Ti2O3 microcrystals within the processed
material. The breaking strengths when bonding different glass combinations are compara-
ble to the results of homogeneous material combinations. Raman spectroscopy was used
to prove, that the bonding of different glasses result in novel kinds of glasses. With ultra-
short laser pulses it is also possible to bond transparent to opaque materials as shown in
this thesis for BK7 and silicon. Here, predominantly silicon acts as welding seam estab-
lishing strong bonds between the materials.
Due to the accessible high breaking strengths direct laser bonding is a powerful technique
for multiple applications. Some are demonstrated in this thesis, e. g. the encapsulation
of optical devices. In addition, laser induced bonding can also be utilized in combination
with conventional bonding techniques to strengthen the bonds or to encase defects.
To date, the main limitation of laser bonding is the required optical contacting. Thus, the
next principle challenge is to bond samples without optical contacting or pressing them
together. To this end, a scanner system could be used to melt the non-contacted surfaces
simultaneously. Another demanding issue is the bonding of crystals. Their high thermal
conductivities and melting points complicate laser induced heat accumulation. However,
the bonding to a glass substrate should be possible. Thus, crystals could be bonded to
glass substrates providing the welding material.
Taking a broader perspective, research in the ultrashort pulse - matter interaction will
also influence other fields of research. Due to the extremely non equilibrium states of the
processed material high temperatures and large pressures are accessible resulting in local
modifications which could not be realized so far. The possibility to induce a defined tem-
perature within a volume of only a few µm3 results in highly excited material states. Thus,
the investigation of localized plasma states becomes feasible.
In addition, by tailoring the energy deposition of multiple laser pulses even graded struc-
tures with large dimensions can be realized. As it was shown here, for certain glasses
laser induced heat accumulation can induce crystallization within the processed material
resulting in very small crystals embedded in an amorphous material. Local modifications
within a pristine host material exhibit outstanding properties for numerous applications.
Thus, novel photonics or data storage devices on a micrometer scale or even smaller can
be realized by the same technique as presented in this thesis.
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[158] A. Marcinkevičius, V. Mizeikis, S. Juodkazis, S. Matsuo, and H. Misawa. Effect of
refractive index-mismatch on laser microfabrication in silica glass. Appl. Phys. A,
76(2):257–260, 2003.
[159] S. M. Wiederhorn. Fracture surface energy of glass. J. Am. Ceram. Soc., 52(2):99–
105, 1969.
[160] M. D. Feit and A. M. Rubenchik. Mechanisms of CO2 laser mitigation of laser
damage growth in fused silica. In XXXIV Annual Symposium on Optical Materials
for High Power Lasers: Boulder Damage Symposium, pages 91–102. International
Society for Optics and Photonics, 2003.
113
Bibliography
[161] N. Shinkai, R. C. Bradt, and G. E. Rindone. Fracture toughness of fused SiO2 and
float glass at elevated temperatures. J. Am. Ceram. Soc., 64(7):426–430, 1981.
[162] F. Naumann, S. Brand, M. Bernasch, S. Tismer, P. Czurratis, D. Wünsch, and
M. Petzold. Advanced characterization of glass frit bonded micro-chevron-test
samples based on scanning acoustic microscopy. Microsystem Tech., 19:1–7, 2013.
[163] D. Munz, R. T. Bubsey, and J. E. Srawley. Compliance and stress intensity coef-
ficients for short bar specimens with chevron notches. Int. J. Fracture, 16(4):359–
374, 1980.
[164] K. R. Brown and F. I. Baratta. Chevron-notch fracture test experience: metals and
non-metals. Number 1172. Astm International, 1992.
[165] C. A. Klein. Characteristic strength, weibull modulus, and failure probability of
fused silica glass. Opt. Eng., 48(11):113401–113401, 2009.
[166] L. I. Berezhinsky, V. P. Maslov, B. K. Serdega, V. V. Tetyorkin, and V. A. Yukhym-
chuk. Study of chemical interaction at Al–Zerodur interface. J. Eur. Ceram. Soc.,
26(16):3825–3830, 2006.
[167] R. Carl, W. Wisniewski, and C. Rüssel. Reactions during Electrochemically In-
duced Nucleation of Mullite from a MgO/Al2O3/TiO2/SiO2/B2O3/CaO Melt.
Cryst. Growth Des., 10(7):3257–3262, 2010.
[168] H. Zheng and G. C. Lim. Laser-effected darkening in TPEs with TiO2 additives.
Opt. Las. Eng., 41(5):791–800, 2004.
[169] W. Wisniewski. Crystal Orientations in GlassCeramics determined using Electron
Backscatter Diffraction. PhD thesis, Friedrich-Schiller-Universität Jena, 2011.
[170] T. Honma, Y. Benino, T. Fujiwara, and T. Komatsu. Transition metal atom heat
processing for writing of crystal lines in glass. Appl. Phys. Lett., 88(23):231105–
231105, 2006.
[171] A. Müller, M. Lorenz, K. Brachwitz, J. Lenzner, K. Mittwoch, W. Skorupa,
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the ultrafast optics group of the IAP, for their assistance and the ambitious but pleasant
atmosphere at the IAP.
I thank my friends Daniel, Bettina, Martin and all my friends of the PPS for helping me
freeing my mind and keeping up my morale.
I am very indebted to my parents who have permanently given me great support, endless
patience and always supported joyful and relaxing times at home.
Lastly, but most importantly, I would like to thank my wife Jessica. She kept me away
from drowning in the work although she always encouraged all my ideas and activities.
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